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INTEGRIN MEDIATED MECHANOTRANSDUCTION IN RENAL
VASCULAR SMOOTH MUSCLE CELLS

Lavanya Balasubramanian

ABSTRACT
Integrins are transmembrane heterodimeric proteins that link
extracellular matrix (ECM) to cytoskeleton and have been shown to
function

as

mechanotransducers

in

non-muscle

cells.

Synthetic

integrin-binding peptide triggers Ca2+ mobilization and contraction in
vascular smooth muscle cells (VSMCs) from rat afferent arteriole,
indicating that interactions between ECM and integrins modulate
vascular tone. RGD, an integrin binding peptide, triggered contraction
in cultured VSMCs as observed by Electric Cell-Substrate Impedance
Sensing

technique.

To

examine

whether

integrins

transduce

extracellular mechanical stress into intracellular Ca2+ signaling events
in VSMCs, unidirectional mechanical force was applied to freshly
isolated renal VSMCs through paramagnetic beads coated with
fibronectin (FN, natural ligand of α5β1 integrin in VSMCs). Pulling of
fibronectin-coated beads with electromagnet triggered Ca2+ sparks,
ix

followed by global Ca2+ mobilization. Paramagnetic beads coated with
low-density lipoprotein (LDL), whose receptors are not linked to
cytoskeleton, were minimally effective in triggering Ca2+ sparks and
global Ca2+ mobilization. Pre-incubation with ryanodine, cytochalasinD, or colchicine substantially reduced the occurrence of Ca2+ sparks
triggered

by

fibronectin-coated

beads.

Binding

of

VSMCs

with

antibodies specific to the extracellular domains of α5 and β1 integrins
triggered Ca2+ sparks simulating the effects of fibronectin-coated
beads. Anti-β2- integrin antibody served as the negative control.
Traction

force

transduced

microscopy

via

integrins

studies
could

showed
potentially

that

only

trigger

the

force

cytoskeletal

remodeling in cultured VSMCs. Atomic force microscopy revealed a
significant increase in surface roughness in VSMCs when treated with
RGD peptide though there was no difference in the maximum
deflection of the force curves. Pre-incubation of microperfused afferent
arterioles with ryanodine or integrin specific binding peptide inhibited
pressure-induced

myogenic

constriction.

In

conclusion,

integrins

transduce mechanical force into intracellular Ca2+ signaling events in
renal VSMCs.

Integrin-mediated mechanotransduction is probably

involved in myogenic response of afferent arterioles. Thus, integrins
can potentially act as sensors for myogenic response phenomenon and
affect the autoregulatory mechanism in the vasculature.
x

CHAPTER ONE
INTRODUCTION AND BACKGROUND
Kidneys are one of the most important organs involved in
homeostasis. Nephrons, the functional units of the kidneys, consists of
glomerular network surrounded by Bowman’s capsule (components of
the renal corpuscle), a proximal convoluted tubule followed by a
proximal straight tubule, a loop of Henle (comprising of thin
descending limb, thin and thick ascending limb), and a collecting duct
(which includes cortical collecting duct, outer and inner medullary
collecting duct). About 1 million nephrons are present in each human
kidney. Besides excreting metabolic waste products and chemicals,
kidneys also help in the maintenance of water and electrolyte balance,
regulation of arterial pressure, and regulation of acid-base balance.
The two major regions in a kidney are the outer cortex and the inner
medulla. There are two types of nephron namely the superficial
nephron and the juxtamedullary nephron. The former, as the name
suggests, is found in the outer parts of the cortex and has a short loop
of Henle which reaches into the outer medulla. But, the juxtamedullary
nephrons arise much deeper in the cortex close to the medulla with its
loop of Henle reaching into the inner medulla.
1

Figure 1. Nephron and its functions
Glomerulus
Proximal
convoluted tubule
Glomerular
filtration
Cortical collecting
duct
Distal convoluted
tubule
Proximal straight
tubule
Tubular secretion
Afferent arteriole
Thin descending
Loop of Henle
Efferent arteriole
Thick ascending
Loop of Henle
Tubular reabsorption
Vasa recta
Thin ascending
Loop of Henle
Inner medullary
collecting duct

(adapted from Valtin and Schaffer, 1995)
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EVOLUTION
Over 550 million years ago in the Paleozoic era, the prochordate
ancestors of the vertebrates had to survive in the salty Cambrian Sea.
Since their tissues were bathed in what could be very similar in
composition to the extracellular fluid, they must have had a simple
conduit to expel their metabolic residue. Later came the fresh water
organisms and with them came the need to conserve salts as they
were constantly submerged in hypo-osmotic environments. At this
point the organisms developed glomerulus for ultrafiltration of solutes,
proximal tubules to help with the reabsorption and distal tubules to
expel water. Then the vertebrates migrated to the land and the need
to conserve water arose. Reptiles took a step back in evolution as they
had more degenerate glomerulus and expelled uric acid with minimal
water. Mammals retained their glomerulus and evolved long loops of
Henle to conserve water through counter current system (which
includes the counter current exchange and the counter current
multiplication). There are the birds which are in the middle because
they expel uric acid and also have loops of Henle, though much
shorter, to conserve water.

3

RENAL BLOOD FLOW
Approximately 21 percent of the cardiac output is redirected to
supply the two kidneys though, together, they constitute less than
0.5% of the total body weight. Although the amount of blood flow to
the kidneys remains constant within the species, the amount of blood
that is filtered varies between the species based on the level of
glomerular
physiological

development
and

and

within

environmental

the

species

conditions.

In

based
most

on

the

mammals

including the human each kidney is supplied by a single renal artery
though there could be one or more accessory renal arteries. The renal
artery, a major component of splanchnic blood supply, enters the
kidneys through the hilum and divides into an anterior and a posterior
branch. The anterior branch further divides into three segmental or
lobar arteries and one branch to supply the apex of the kidney. The
posterior division supplies more than half of the posterior renal
surface. The lobar arteries divide further to form interlobar arteries,
which extend all the way towards the renal cortex. These give rise to
arcuate arteries that are seen in the border between the cortex and
the outer medulla. In turn, the arcuate arteries branch to form cortical
radial arteries which extend to the surface of the kidney. The smaller
branches of these cortical radial arteries give rise to afferent arterioles.
Afferent arteries are lined continuously with endothelium and its
4

basement membrane. They also contain a monolayer of smooth
muscle cells with the walls thinning out as they approach the hilus and
form the glomerular network. The glomerular capillary network is
connected to the peritubular circulation by the efferent arterioles.

5

Figure 2. Renal vasculature tree

Efferent
arteriole
Afferent
arteriole

Cortical
radial vein
Cortical
radial artery
Arcuate vein
Arcuate artery
Ascending
vasa recta

Interlobar vein
Interlobar artery

(adapted from Pflugers Archive. 1988)
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URINE FORMATION
The afferent arteries enter the glomerular capillary network
where filtration of the solutes takes place. Due to the large size the
blood cells and other macromolecules cannot pass through the
fenestrations in the glomerular capillary. The filtered fluid then
traverses the tubules where solutes are reabsorbed. For many of the
substances the reabsorption is primarily in proximal tubule, though
other substances like water and sodium are also reabsorbed in more
distal sites in the nephron. There are specific carriers involved in the
transport of some of these substances. The final step in urine
formation is tubular secretion. Tubular secretion not only helps to
eliminate drugs, toxins, and metabolic byproducts, but also to
maintain the acid-base balance in the body. The rate of urine
formation is thus the sum of glomerular filtration, tubular reabsorption
and tubular secretion. Only 15%-20% of the plasma that enters the
glomerulus is actually filtered while the remaining passes on to the
efferent arterioles to be finally returned to the systemic circulation via
the renal vein.
In the 17th century Marcello Malphigi pioneered to discover the
glomerular corpuscle. He discovered the presence of “worm-like
vessels” (renal tubules) on the surface of the kidneys. He also
detected the presence of “small glands” (Malphigian corpuscle or
7

glomeruli) and that they were connected to branches of arteries and
veins. Giovanni Alfonso Borelli piqued by Malphigi’s discoveries went
on to propose the theory of filtration in mid 1600s. By 1662 Lorenzo
Bellini, an Italian physician and anatomist, a pupil of Borelli, described
the papillary ducts or Bellini’s ducts. Nearly two centuries after
Malphigi’s

discovery,

Frederik

Ruysch

identified

the

glomerular

capillaries in 1729. Sir William Bowman, a British surgeon, histologist
and anatomist, identified what came to be known as the Bowman’s
capsule in 1842. He proposed that glomerulus secreted water to
eliminate the solutes secreted from the renal tubules. Until then the
theories on urine formation were not clear. He identified the structure
and function of the basement membrane. In 1844, Carl Ludwig
hypothesized

on

glomerular

filtration

and

tubular

reabsorption

emphasizing the role of renal hemodynamics. In 1874, Rudolph Peter
Heinrich Heidenhain challenged the Ludwig’s hypothesis and concluded
that the urine formation is entirely by secretion where some
substances were excreted by the glomerulus while some others by the
tubular epithelium. He considered the volume of blood perfusing
through the kidneys to be an important determinant of the quantity of
substances excreted. Arthur Robertson Cushny, a Scottish physician,
in 1917 claimed that the glomeruli filtered out harmful bodily waste
products while the tubules reabsorbed the useful nutrients into the
8

body and denied the possibility of selective tubular secretion. Later in
1923, Eli Kennerly Marshall Jr., demonstrated the presence of tubular
secretion in renal tubules. Now we know that it includes all the three
processes – glomerular filtration, selective tubular reabsorption and
selective tubular secretion.

AUTOREGULATION
Contrary to the popular belief mammalian blood pressure has
been shown to fluctuate spontaneously to approximately 40% of the
mean arterial blood pressure (MABP). Marsh and co-workers showed
that the logarithm of blood pressure power spectral density varied
inversely with the logarithm of the frequency (Marsh et al., 1990).
Signals from MABP record that generates 1/f power spectra are fractal
curves (Voss, 1988), which means that blood pressure dynamics
remain invariant under transformations of scale (Marsh et al., 1990).
These fluctuations in blood pressure can cause fluctuations in blood
flow to the organs unless the vasculature compensates for it by
varying its resistance. If these fluctuations in pressure are translated
to fluctuations in renal blood flow then it will render the GFR
inappropriate by overwhelming the transport/carrier proteins. But
these spontaneous fluctuations in blood pressure do not affect the

9

renal blood flow or the glomerular filtration rate (GFR) over a range of
blood pressure because of the presence of renal autoregulation.

Autoregulation is the homeostatic tendency of the organ system
to maintain a constant blood flow under varying pressure conditions.
This mechanism is seen in many organs including the kidneys. The
primary purpose of autoregulation in most of the tissues is to maintain
an optimal oxygen supply and to eliminate the metabolic waste
products.

However,

in

the

kidneys

autoregulation

maintains

a

relatively constant GFR whereby it controls the excretion of water and
solutes.

In

1960,

Guyton

and

his

colleagues

believed

that

autoregulation is absent in normal kidneys and that its presence will
only impair the feedback regulation of blood volume. They also showed
that the kidneys have varying degrees of autoregulation only after
renal injury (Langston et al., 1960). In 1961, they further proved that
the absence of renal autoregulation in normal kidneys was not due to
extrarenal blood flow (Langston et al., 1961). After a few years Guyton
and co-workers developed a mathematical model to show that the
osmolality of the tubular fluid at the macula densa regulates the renal
blood flow in the afferent arterioles (Guyton et al., 1964). Although
they did not have the evidence, they suspected that spontaneous
depolarizations due to changes in the smooth muscle cell-extracellular
10

matrix

(SMC-ECM)

environment

can

trigger

contraction.

A

mathematical model to describe the role of kidneys in long-term
pressure regulation was formulated in 1967 (Guyton and Coleman
1967). The feedback gain of the kidneys in maintaining the fluid
volume based on variations in pressure is infinite. The kidneys
eventually return the pressure to the equilibrium value. Even after
almost five decades of research the mechanism of renal autoregulation
is still not completely understood. We have come a long way from
discovering the very existence of renal autoregulation to potentially
identifying

and

elucidating

the

intercellular

components

of

this

phenomenon (or solving the sensors of TGF mechanism).

Renal autoregulation is thought to be a dynamic intrarenal
reaction

to

variations

in

blood

pressure

occurring

at

different

frequencies (Akselrod et al., 1985; Benton et al., 1990; Blinowska and
Marsh, 1985; Broten and Zehr, 1989; Friberg et al., 1989; Hayano et
al., 1990; Iberall, 1984; Kanabrocki et al., 1988; Livnat et al., 1984;
Marsh et al., 1990; Messerli et al., 1982; Munakata et al., 1990;
Nayha, 1985; Portaluppi et al., 1989). This autoregulation of renal
blood flow (RBF) is unique in that it comprises both the rapid local
myogenic response along the preglomerular vasculature and the
slower

tubuloglomerular

feedback
11

(TGF)

mechanism

regulating

vascular resistance in the terminal juxta-glomerular segment of the
afferent arteriole (Kiil, 2002; Loutzenhiser et al., 2002; Walker et al.,
2000). The sensor for tubuloglomerular feedback is the macula densa
in early distal tubule, which detects the flow-dependent changes in
luminal

[NaCl],

and

accordingly, adjusts

the

afferent

arteriolar

resistance (Briggs and Schnermann, 1987). Macula densa is a
specialized group of epithelial cells in the distal tubule close to the
afferent arteriole. Granular cells called juxtaglomerular (JG) cells
present near the afferent arterioles act as intra-renal pressure sensors
to secrete renin when the arterial pressure is lowered. The JG
apparatus consists of the macula densa, the JG cells and the
extraglomerular mesangial cells which contracts when stimulated with
renal sympathetic nerves.

However, the mechanisms of mechanotransduction in myogenic
response are not well defined (Davis and Hill, 1999). Myogenic
response, first described by W.M. Bayliss in 1902, is the intrinsic
mechanism of the smooth muscle cells by which the vasculature
constricts on elevation of perfusion pressure and dilates on reduction
of the pressure. It is an extremely quick response which happens
within a matter of few seconds. This mechanism enables organ
systems to receive an optimal amount of blood flow under varying
12

perfusion pressure conditions. Myogenic response in skeletal myocytes
was thought to indicate enhanced excitation-contraction coupling of
myofilaments through increased Ca2+ entry into the cell (Uchida and
Bohr, 1969a) from extracellular sources. This suggested possible
relationship between Ca2+ permeability and myogenicity of skeletal
myocytes. Myogenic response is necessary to maintain constant blood
flow and capillary hydrostatic pressure (Davis and Hill, 1999). In order
to respond to changes in blood pressure, tension-sensing mechanisms
should be present (Davis and Hill, 1999; Johnson, 1980).

13

Figure 3. Glomerulus and JG apparatus

The site of action of myogenic response

, and TGF

of the arrows indicates the degree of action in that region.
(adapted from Guyton and Hall 1996)
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. Thickness

The general consensus is that the stretch-sensitive non-selective
cation channels act as the sensors in mechanotransduction. An
increase in transmural pressure stretches the vascular wall and opens
the

stretch-sensitive

channels,

which

initiates

contraction

by

depolarizing vascular smooth muscle cells (VSMCs) leading to the
activation of voltage-gated Ca2+ channels (VGCC) and hence an
increase in the intracellular calcium concentration ([Ca2+]i) (Davis et
al., 1992; Kirber et al., 1988; Meininger and Davis, 1992). Stretchactivated whole cells currents were found (Wellner and Isenberg,
1994; Wellner and Isenberg, 1995) in smooth muscle cells (SMCs).
The stretch-induced depolarization could be explained by the activation
of mechanosensitive ion channels promoting Na+ or Ca2+ influx, Clefflux, or inhibiting K+ efflux (Davis and Hill, 1999). This concept of
stretch-sensitive channels as sensors has a major limitation. It does
not explain the continued vasoconstriction, after the initial myogenic
constriction, in the absence of error signal from stretch-activated
channels.

INTEGRINS
Integrins are now being thought of as a stress sensing and
transducing element. They are heterodimeric transmembrane proteins
composed of α and β subunits, which provide the structural link
15

between the ECM and the internal cytoskeleton (CSK), and function as
signaling receptors. It has been shown in non-muscle cells that
extracellular mechanical force is transmitted across the plasma
membrane via integrins to initiate intracellular signaling (Ingber,
1990; Katsumi et al., 2004; Martinez-Lemus et al., 2003; Wang et al.,
1993). It is plausible that increase of perfusion pressure can result in
transient detachment between native ECM and VSMC integrin during
passive dilation and that myogenic constriction requires re-attachment
between native ECM and integrins based on Ingber’s tensegrity model
(Ingber, 1997; Ingber, 2000; Ingber, 2003a; Ingber, 2003b; Wang et
al., 2001). There is considerable evidence that integrins can transduce
mechanical force across plasma membrane and initiate intracellular
signaling (Boudreau and Jones, 1999; Davis et al., 2001; Ingber,
1990; Sadoshima and Izumo, 1993; Vuori, 1998; Wang et al., 1993).

It is known that the ECM – integrin – cytoskeleton axis is
essential in mechanosensing & mechanotransduction by which the
vasculature detects and responds to the changes in luminal pressure.
In 1993, Ingber described that cells are prestressed tensegrity
structures (Ingber, 1993). The term ‘Tensegrity’ was coined by the
architect R. Buckminster Fuller (Fuller, 1961) to describe structures
that stabilize their shape by providing continuous tension rather than
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compression (Ingber, 2003a; Ingber, 2003b). This tensional integrity
is conveniently called tensegrity. This model describes CSK as a highly
organized,

three-dimensional

syncytium

of

compression-resistant

struts (microtubules) suspended among various elastic elements
(intermediate

and

actin

filaments)

(Ingber,

1993).

Stress

will

restructure the microtubules in the CSK to offset the tension. This
transduced force and the microtubule depolymerization will then
initiate secondary messengers and signaling cascades including an
increase in the [Ca2+]i causing contraction.

The microfilaments and microtubules provide the struts for the
internal cell environment. The transmembrane proteins (integrins)
linking the ECM and the cytoskeleton provide an outlet to transmit
external

mechanical

stress

while

other

receptors

dissipate

the

mechanical stress and fail to transmit it into the cell. Wang and coworkers showed that disruption of cytoskeleton will inhibit integrindependent cell stiffening in endothelial cells (Wang et al., 1993). Intact
cytoskeleton is essential to sense cues from the ECM which results in
appropriate cellular response like migration, division, contraction, etc.
Butler and coworkers suggested that ligation of integrins triggered
cytoskeletal reorganization which in turn leads to cell adhesion (Butler
et al., 2003). Pelham and Wang showed that physical communication
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in a cell both within itself as well as with its external milieu is
important to respond accordingly to adhesion forces (Pelham and
Wang, 1997). Moreover, the disruption of actin cytoskeleton with
cytochalasin D decreased FAK (Focal Adhesion Kinase) tyrosine
phosphorylation and formation of focal adhesions (Defilippi et al.,
1995). Studies in pressurized cerebral arteries show that actin
polymerization helps in mediating myogenic activity (Cipolla et al.,
2002). Another study showed the abrogation of pressure-induced
myogenic constriction when actin polymerization is disrupted in tail
arteries from mice (Flavahan et al., 2005). While other studies in
skeletal

muscles

arterioles

showed

that

disrupting

microtubules

enhanced the myogenic tone of the vasculature (Platts et al., 1999).
Both microfilaments and microtubules are thought to be essential in
mechanotransduction and development of force in VSMCs. Paul and
colleagues suggested that disruption of microtubules can impact signal
transduction thus altering the vascular tone in porcine coronary
arteries (Paul et al., 2000).

Ligation of integrins with ECM molecules like fibronectin (FN) has
been shown to induce clustering of actin thus regulating cytoskeletal
organization in mouse embryo cells (Hocking et al., 2000). Another
study showed that ligation of integrins with RGD peptide in mouse
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oocytes regulated reorganization of cytoskeletal protein (Yue et al.,
2004). Some techniques like traction force microscopy and atomic
force microscopy (AFM) can be employed to study integrin mediated
remodeling of cytoskeleton with minimum damage to the cells. FNdependent increase in prestress was observed using traction force
microscopy perhaps due to the altering of integrin receptor clustering
in pulmonary VSMCs (Polte et al., 2004). The ability of the cells to
exert force on the substratum and react to the latter’s flexibility allows
us to study the cells using traction force microscopy. Studies in
fibroblasts have shown that the movement of the cells is influenced by
the rigidity of the substrate (Lo et al., 2000; Pelham and Wang, 1997).
Atomic

force

microscopy

can

also

be

employed

to

investigate

mechanotransduction in the presence of intact cytoskeleton. In this
method the tip of the probe pushes down on the cell and records its
deflection depending on the rigidity of the cytoskeleton beneath the
cell membrane. Studies showed that the amount of resistive forces
exerted by the cells on the AFM probe is lower when the cytoskeleton
is broken down (Girasole et al., 2007). These techniques are
comparatively less invasive than cytoskeletal toxins and help us
monitor the real-time changes in the rigidity of the cells in response
various ligands.
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Recent works also show that components of the ECM and
integrins can be a contributing factor to altering the structure and
function of the vasculature (Intengan and Schiffrin, 2000). Addition of
RGD containing peptide to VSMC integrins can initiate Ca2+ influx
(Arnaout et al., 2002; Bhattacharya et al., 2000; D'Angelo et al.,
1997; Davis et al., 2001; Shankar et al., 1995; Xie et al., 1998).
Previous studies showed that application of RGD to integrins resulted
in increased cytoskeletal stiffening in endothelial cells (Wang et al.,
1993) and also activated second messenger formation in fibroblasts
(McNamee et al., 1993). Integrin linked kinase (ILK) provides an
alternative pathway through which activation of integrins might
regulate vascular resistance independent of Ca2+ (Deng et al., 2001).
Synthetic integrin-binding peptide GRGDSP (Gly-Arg-Gly-Asp-Ser-Pro),
when applied exogenously to perfused rat renal afferent artery induces
vasoconstriction, which is associated with a pronounced increase of
[Ca2+]i in VSMCs (Yip and Marsh, 1997). Elevation of intravascular
pressure in cerebral arterioles led to an increase in Ca2+ spark, Ca2+
wave frequency, global [Ca2+]i, and myogenic constriction (Jaggar,
2001). This suggests the possible existence of a sensor which acts to
interface mechanical force and Ca2+ sparks.
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[Ca2+]i, involved in various cellular functions, is a major
determinant of contractility in myocytes. Interestingly, the addition of
RGD-containing peptide initiated ryanodine-sensitive recurrent Ca2+
waves in renal VSMC (Chan et al., 2001). Calcium Induced Calcium
Release (CICR) is the basis for propagation of self-regenerating Ca2+
waves. When the Ca2+ waves repeat themselves they form global Ca2+
oscillations. CICR can be preceded by calcium sparks, which indicate
the opening of ryanodine stores. Ca sparks are caused by the
coordinated opening of a cluster of ryanodine receptors. They were
first identified in Ca2+ activated K+ currents in neurons from frog
(Brown et al., 1983; Mathers and Barker, 1981). These sparks are
very local events and do not directly increase the global Ca2+ levels. As
these sparks are seen as discrete packets, the increase in Ca2+ levels
in

these

microdomains

can

be

very

high.

This

implies

that

subsarcolemmal [Ca2+] is a different pool from the cytoplasmic [Ca2+].
The further away from such loci the lesser the increase in Ca2+.
Proximity of the next signaling molecule in the pathway is essential for
the sparks to mediate an effect.

In cerebral arteries sparks can cause the Ca2+ levels to go up 10
– 100 µM (Jaggar et al., 1998a; Nelson et al., 1995). This high Ca2+
concentration can influence any Ca2+ dependent process in the nearby
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region. This local subcellular Ca2+ transient (Ca2+ sparks) can directly
activate Ca2+ activated K+ channels (KCa) to negatively feedback on
myogenic response via membrane hyperpolarization as shown in
cerebral artery (Jaggar et al., 2000; Nelson and Quayle, 1995). Ca2+
sparks can also trigger myogenic response by activating Ca2+ activated
Cl- channels which can depolarize cell membrane (Gordienko et al.,
1994). This depolarization can stimulate VGCC resulting in an increase
[Ca2+]i. The longitudinal stretching of urinary bladder smooth muscle
cell induces Ca2+ sparks, Ca2+ waves, and inward Cl- current (Ji et al.,
2002). But, the effect of Ca2+ sparks on myogenic response in renal
arterioles is not known because both KCa (Fallet et al., 2001;
Gebremedhin et al., 1996) and Ca2+ activated Cl- channels are present
in afferent arteriolar VSMC (Carmines, 1995; Jensen et al., 1997;
Jensen and Skott, 1996). Thus sparks can act as a brake or initiate the
myogenic response mechanism.
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Figure 4. Model for integrins as sensors for myogenic response
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CALCIUM AND CONTRACTION
Calcium, an intracellular ion, is unevenly distributed within cells
and various organelles. Intracellular Ca2+ is essential for a wide array
of responses to environmental stimuli including but not limited to
contractility, proliferation, apoptosis and gene expression. SMCs,
especially those in the vasculature are arranged perpendicular to the
long axis of the vessel so when the SMCs contract, it will reduce the
diameter of blood vessels. The SMCs are mechanically coupled to each
other so they act as a single unit during contraction and communicate
through gap junctions. It is known that Ca2+ can pass through gap
junctions (Dhein, 1998). This Ca2+ can play a role in the spread of
myogenic response along a single vessel or allow for a coordinated
response

in

the

whole

arteriolar

network.

Uchida

and

Bohr

demonstrated the importance of Ca2+ in arteriolar tone about 40 years
ago (Uchida and Bohr, 1969b). Previous work by Meininger and coworkers (Meininger et al., 1991) observed that during myogenic
response increasing the pressure induced an increase in [Ca2+]i in rat
cremaster myocytes. Another study done in rat afferent arterioles also
showed that myogenic constriction caused by increasing perfusion
pressures resulted in an increase in [Ca2+]i (Yip and Marsh, 1996).
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The basic contractile unit in a myocyte consists of a series of
repeating sarcomeres. Each sarcomere consists of a thick and thin
filament. The latter is connected via dense bodies which serve to
couple the SMCs. In SMCs the actin and myosin filaments are not well
organized unlike in striated muscle. Sarcolemma is the membrane
surrounding the myofilaments that invaginates the myofibrils forming
the membranous transverse tubules which store Ca2+. Sarcoplasmic
reticulum (SR) is a specialized form of smooth endoplasmic reticulum
which lies on either side of the transverse tubular network. The SR
Ca2+ stores are organized into small, distinct and independent
compartments. The sacrolemma possess microdomains called caveolae
which help in cell signaling (Taggart et al., 2000). These invaginations
contain a myriad of receptors, second messengers and ion channels in
close proximity. The caveolae themselves are found close to the SR
thus serving to continue the signaling process to release Ca2+. The
contraction itself is effected by the sliding of the actin and myosin
filaments over each other. This cytosolic Ca2+ binds to calmodulin
(CaM) to activate a kinase, the myosin light chain kinase (MLCK). The
activated MLCK phosphorylates myosin light chain with an inorganic
phosphate from ATP. The phosphorylated crossbridge interacts with
actin and causes the cell to contract. The crossbridge cycling ceases
with the decrease in the intracellular Ca2+ levels and the crossbridges
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are dephosphorylated by myosin phosphatase. Intracellular Ca2+ levels
decrease thereafter, due to pumping of Ca2+ either to stores such as
sarcoplasmic

reticulum,

endoplasmic

reticulum

(via

sarcoplasmic/endoplasmic reticular calcium ATPase – SERCA) and
mitochondria or to the extracellular fluid via Na-Ca exchanger or Ca2+
ATPase. In SMCs the endoplasmic reticulum serves as the major Ca2+
store. The increase in Ca2+ can have an early transient effect as well
as a late prolonged effect. In SMCs an increase in the [Ca2+]i causes
contraction, which affects the resistance of the vascular bed in turn
affecting the property of autoregulation of VSMCs. At rest, [Ca2+]i is
less than 100 nM, and goes up to about 300 nM during endothelin or
angiotensin II induced contraction in renal afferent arterioles (Fellner
and

Arendshorst,

2004;

Fellner

and

Arendshorst,

2005).

The

involvement and relative roles of specific Ca2+ sources in the myogenic
response still remain uncertain. The two major sources are calcium
channel(s) mediated calcium release from intracellular stores and
calcium influx from extracellular pool. The increase in intracellular
levels of Ca2+ is possible by:

1)

Release

from

intracellular

stores

via

inositol

1,4,5-

trisphosphate (IP3) – sensitive and ryanodine receptors,
and/or
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2) Entry from extracellular environment via nonselective cation
channels and VGCC.
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Figure 5. Calcium regulation of VSMC contraction
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Intracellular Ca2+ stores
The two major Ca2+ stores are IP3-sensitive and ryanodinesensitive stores. Their receptors have a four-fold symmetry. IP3 is an
important second messenger. Agonists activate phospholipase C (PLC)
which in turn cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) to
form diacyl glycerol (DAG) and IP3 (figure 6). IP3 binds to IP3 receptor
(IP3R are mostly found on the endoplasmic reticulum) to stimulate the
release of Ca2+ from intracellular stores. DAG activates PKC, which
facilitates phosphorylation of various proteins which may affect
contractility. Agonists can also induce phospholipase D to produce
DAG. Some studies showed that PKC modulates the contractility of the
vasculature by regulating the Kv channels. Narayanan J. and coworkers 1994 (Narayanan et al., 1994) showed that PLC cleavage of
PIP2 increased when the renal arterial transmural pressure was
elevated. There are three types of IP3R. Type 1 and 3 are found in
VSMCs (De Smedt et al., 1994); of this, type 3 is the predominant one
and is distributed throughout the SR. Type 3 is also known to have
lower affinity for IP3 (Tasker et al., 1999). The three known types of
IP3R exhibit different cellular and subcellular distribution suggesting
that they may have distinct functions.
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Figure 6. PKC activation pathway
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Ryanodine receptors (RyR) are present in many cell types
including all types of myocytes. There are three distinct types of RyR –
RyrR1, RyR2, and RyR3. RyR1 is primarily found in skeletal muscle,
while RyR2 is seen in cardiac tissue and RyR3 in brain. The major
subtype involved in smooth muscle cells is thought to be RyR2 though
others may also be present. The pharmacological properties of the RyR
in the SMCs are similar to those in cardiomyocytes though the density
in the former is considerably lower. Caffeine sensitizes and activates
the RyR channels in SMCs. Calcium induced calcium release (CICR) by
ryanodine

and

IP3–sensitive

stores

cause

amplification

and

regenerative propagation of the Ca2+ signal. Ca2+ compartments are
refilled by SERCA, in the presence of ATP.

The Ca2+ sparks have either a positive or a negative feedback on
the membrane potential depending on whether the increase activates
the Ca2+ activated chloride or the Ca2+ activated potassium channel,
respectively.

Correspondingly

the cell membrane will either be

depolarized or hyperpolarized. Knot and co-workers suggested that
local Ca2+ release originating from RyR channels (Ca2+ sparks) in the
SR of arterial smooth muscle regulates myogenic tone in cerebral
arteries solely through activation of KCa channels, which regulate
membrane potential through tonic hyperpolarization, thus limiting Ca2+
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entry through L-type voltage-dependent Ca2+ channels (Knot et al.,
1998). Phosphorylation of phospholamban by protein kinase G or
protein kinase A increases the frequency of sparks due to increased
Ca2+ pumping and SR Ca2+ load in mouse ventricular myocytes
(Santana et al., 1997). PKC increases vasoconstriction by decreasing
the frequency of sparks, depolarization of membrane and activation of
VGCC in rat cerebral arteries (Bonev et al., 1997).

Calcium channels in plasma membrane:
Vascular smooth muscle cells exhibit characteristics of both Ltype (Bean et al., 1986; Benham et al., 1987; Ganitkevich and
Isenberg, 1990; Matsuda et al., 1990; Nelson and Worley, 1989;
Worley et al., 1986) and T-type (Bean et al., 1986; Ganitkevich and
Isenberg, 1990; Loirand et al., 1986) Ca2+ channels. The L-type is the
long lasting or slow inactivating channel, activated by high voltage
while the T-type is the transient or fast inactivating channel, activated
by low voltage. The L-type channel (also referred to as the VGCC) is
thought to be more important in arterial smooth muscle (Nelson et al.,
1990).

L-type channels

may

be

directly

gated

by

membrane

distension, or by intracellular second messengers released due to cell
volume changes which can then modulate the channel activity (e.g.,
cAMP as shown by Liu H. et al. (Liu et al., 1997)). Membrane
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depolarization opens the VGCC increasing [Ca2+]i, which can cause
contraction of SMCs. Opening of VGCC can also increase the frequency
and amplitude of Ca2+ sparks resulting in contraction or relaxation of
vessels depending on the vascular bed. Furthermore, studies using
dihydropyridines

(L-type

Ca2+

channel

blocker)

eliminated

or

dramatically attenuated myogenic response (Asano et al., 1993;
Harder, 1984; Hill and Meininger, 1994; Hynes and Duling, 1991;
Laher and Bevan, 1989; Wesselman et al., 1996) . Diltiazem, another
VGCC blocker, also inhibited myogenic response (Takenaka et al.,
1998). On the other hand, BAYK 8644 (activator of VGCC) enhanced
myogenic response (Hill and Meininger, 1994; Kirton and Loutzenhiser,
1998; Wesselman et al., 1996).

K+ currents can counteract the myogenic tone. Of the various
potassium channels identified in vascular smooth muscle (VSM),
voltage-dependent K+ (Kv) channels and large-conductance Ca2+activated K+ (BKCa or KCa) channels can provide potentially powerful
repolarizing mechanisms to counteract stimuli resulting from VSM
stretch. BKCa channels are activated by Ca2+ influx and by Ca2+ sparks
[bursts of Ca2+ release from SR], producing spontaneous transient
outward currents (STOCs) that substantially hyperpolarize the cell. The
presence of STOCs suggest that the subsarcolemmal [Ca2+] is different
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from global cytoplasmic [Ca2+] and can be even higher than the latter
under certain circumstances (Jaggar et al., 2000). Ryanodine-sensitive
Ca2+ channels cause Ca2+ sparks which activate BKCa channels and
induce relaxation of SMCs (Nelson et al., 1995). Because myogenic
tone is associated with both Ca2+ influx (Asano et al., 1993; Harder,
1984; Hill and Meininger, 1994; Hynes and Duling, 1991; Laher and
Bevan, 1989; Wesselman et al., 1996) and Ca2+ release (Davis et al.,
1992; Nakayama, 1982), BKCa current should be tonically activated
when a blood vessel is at its normal pressure. Earlier studies by Nelson
and co-workers (Bonev et al., 1997; Gollasch et al., 1998; Jaggar et
al., 1998a; Jaggar et al., 1998b; Knot et al., 1998; Nelson et al.,
1995; Perez et al., 1999; Porter et al., 1998) showed that Ca2+ sparks
regulate BKCa channel activity in VSMCs and, in turn, the vascular tone
by a negative feedback mechanism. Besides BKCa channels, VSMCs
also

have

Ca2+

activated

chloride

channels

(ClCa),

though

not

necessarily in the same cells. ClCa currents were found in a few SMC
preparations inclusive of rat renal artery (Gordienko et al., 1994) and
pulmonary artery (Helliwell et al., 1994). Activation of ClCa channels by
Ca2+ sparks cause depolarization. Nelson (Nelson, 1998) proposed that
activation of Cl

channels could explain stretch-induced depolarization

of VSM. Also, studies have found the presence of spontaneous
transient inward currents (STICs) in SMCs isolated from pulmonary
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arteries (Remillard et al., 2002; Yuan, 1997) and trachea (ZhuGe et
al., 1998). Further, ZhuGe et al.(ZhuGe et al., 1998), showed that the
biphasic nature of the Ca2+ activated current was due to contributions
by both STOCs and STICs. They showed that both BKCa and ClCa
channels colocalized adjacent to Ca2+ spark sites. Although this is true,
STOCs and STICs still have very different characteristics. Unitary
conductance of STOCs are known to be greater but STICs have slower
decay times than STOCs (ZhuGe et al., 1998).

When the sarcoplasmic or endoplasmic Ca2+ store deplete,
channels on plasma membrane known as the store operated channels
(SOCs) open to allow Ca2+ flow into the cell. Ca2+ ionophores, which
increase the permeability of cell membrane, allows the influx of
extracellular Ca2+ and also cause release of stored Ca2+, and SERCA
inhibitors, which cause depletion of Ca2+ stores, Ca2+ chelators like
BAPTA lead to the activation of capacitative Ca2+ entry. Thus, SOCs
open to increase intracellular levels of Ca2+ thereby replenishing
sarcoplasmic or endoplasmic stores. The mechanism of coupling
between SOCs and Ca2+ stores is not currently known due to its
complex nature, as this may involve more than one channel. The
relationships between the different Ca2+ activated ion channels are
shown in figure 7.
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Figure 7. Role of calcium release from ryanodine stores during
myogenic response in renal VSMCs
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These observations raise the intriguing hypothesis that integrins
on

the

plasma

membrane

of

renal

VSMCs

may

serve

as

mechanotransducers to regulate vascular tone by generating Ca2+
sparks and triggering contraction (ZhuGe et al., 1998). I undertook
this study in an attempt to provide the evidence to substantiate this
hypothesis. My study will provide novel and vital information on the
integrin-mediated constriction pathway. It will directly test whether
integrins serve as mechanotransducer and signal to the cells by an
elevation of [Ca2+]i. This study is also designed to test the role of
integrin-mediated constriction in the initiation (via Ca2+ sparks) and
maintenance of in myogenic response of afferent arterioles. As
myogenic

response

is

important

in

various

physiological

and

pathophysiological conditions, it may open up new avenues for
therapeutic manipulation.
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CHAPTER TWO
MATERIALS AND METHODS
a. Isolation of renal VSMCs and monitoring of Ca2+ sparks :
All experiments were performed under protocols approved by
the University of South Florida's Animal Care and Use Committee. Male
Sprague-Dawley rats from Harlan Farms (120 –200 g) were killed by
anesthetic overdose (5 % halothane in a chamber through a Fluotec
Mark-3 vaporizer). The kidneys were quickly removed through a
midline abdominal incision, cut longitudinally into half and placed in
ice-cold dissection buffer. The entire preglomerular vascular tree is
capable of responding to changes in perfusion pressure (Carmines,
1995). Renal vascular smooth muscle cells were isolated with enzyme
digestion from dissected arcuate arteries and cortical radial arteries
because the yield of isolated cells from these arterioles was much
higher than using afferent arterioles (Gordienko et al., 1994).

The

arteries were first digested with papain, and then digested with 2%
collagenase type 4, 1% trypsin inhibitor and 0.5% elastase. All
digestions were performed in low calcium dissociation solution at 37°C.
Low calcium dissociation solution consisted of (in mM): NaCl, 119; 4.7
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KCl, 4.7; 1.2 MgSO4, 1.2; KH2PO4, 1.18; NaHCO3, 24; Glucose, 5.5;
Hepes, 10; and 50 µM CaCl2, pH 7.4. The vessels were then triturated
and VSMCs were seeded into glass-bottomed Petri dishes coated with
Matrigel (BD Bioscience). VSMCs were then loaded with calcium
indicator dye fluo-4/AM (10 μM, Molecular Probes) in Hank’s Balanced
Salt Solution (HBSS, Mediatech, containing 1.3 mM Ca2+) for 30
minutes, followed by 20 min for de-esterification. All Ca2+ spark
experiments were conducted at room temperature in HBSS or calciumfree HBSS (Mediatech) with 4 mM EGTA.

b. Pulling renal VSMCs with paramagnetic beads:
To transduce controlled external mechanical force into the
VSMCs via integrins, paramagnetic microbeads coated with integrin
binding ligands were used to tug on the VSMCs with an electromagnet.
FN is the natural ligand for α5β1 integrins in VSMCs (Mori and Cowley,
2004; Umesh et al., 2006; Yip and Marsh, 1997). Tosyl-activated
paramagnetic microbeads (4.5 μm diameter, M-450, Dynal Inc) were
coated with FN or low-density lipoprotein (LDL) using the protocol
provided by the manufacturer. LDL is the ligand for the metabolic LDL
receptor on VSMCs. Pulling of LDL-coated bead was used as control for
non-integrin-mediated mechanical signal transduction. To apply force
on renal VSMC using paramagnetic beads, coated beads were first
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incubated with VSMCs adhered on glass-bottomed cell Petri dish (WPI,
FL) for 20 min. Only cells with individual paramagnetic beads attached
were used. Pulling was initiated by applying a local magnetic field
directed to the cell of interest with a custom-made miniaturized
electromagnet

mounted

on

a

micromanipulator.

The

tip

of

electromagnet has a diameter of 420 μm and was positioned within
100-150 μm from the cell of interest at an angle of 30° to 45°. The
dragging

force

imposed

by

the

electromagnet

on

individual

paramagnetic bead was calibrated by pulling the paramagnetic beads
through dimethylpolysiloxane (viscosity 100 centistokes, Sigma) based
on Stokes’ Law. (Alenghat et al., 2000; Lammerding et al., 2003;
Matthews et al., 2004). The velocity of the beads migrating to the tip
of electromagnet was quantified based on the time lapsed images
collected at 2 Hz.

The dragging force was then calculated using

Stokes’ Law (force = 6πηRν, where η is the viscosity of the fluid, R is
the radius of the bead, and ν is the velocity of the bead). The pulling
force per se is controlled by adjusting the distance between the
magnet and the bead (50-200 µm), or by increasing the current to the
electromagnet.
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c. Confocal fluorescence microscopy for the detection of Ca2+
sparks :
Changes in subcellular [Ca2+]i, induced by magnetic pulling were
monitored in linescan mode (512 pixels/line, 2 ms/scan line) with a
Bio-Rad MRC-1000 confocal microscope or Leica TCS SP5 confocal
microscope. Linescan images were collected immediately under the
plasma membrane of VSMCs. Scanning line was positioned in close
proximity to at least one of the attached paramagnetic beads. Images
were collected for 4-6 s as baseline, and then for another 20-30 s after
the magnetic pulling was initiated. The operating system in the Bio-rad
confocal microscope (COMOS Version 7.0) can collect 512 scan lines
continuously scanning at 0.078 µm/pixel. Some line scan images were
acquired with Leica TCS SP5 system, which collects data continuously
for 16.385 s scanning at 0.075 µm/pixel. All the images were collected
with

a

Zeiss

immersion).

40x

Ca2+

plan-apochromat
sparks

were

objective

visualized

(N.A.

using

the

1.2,

water

membrane

permeable Ca2+-sensitive fluorescent dye (fluo-4 acetoxymethyl ester,
10 μM) in freshly isolated renal VSMCs. Fluo-4 was excited at 488 nm,
and its emission was collected with a bandpass filter 522/35 nm.

To test whether ligating α5β1 integrins with antibodies that
recognize their extracellular domains could trigger sparks, the VSMCs
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were monitored in the presence of anti-integrin α5 antibody (25 μg/ml,
HMα5-1, Pharmingen) or anti-integrin β1 antibody (50 μg/ml Ha2/5,
Pharmingen). This soluble anti-α5β1 integrin antibody has been shown
to activate α5β1 integrin in tsA-201 and HEK-293 cells (Gui et al.,
2006). β2 antibody (50 μg/ml, Wt.3, Pharmingen) was used as the
control.

To test whether intact structural linkage of integrin-cytoskeleton
is

required

for

integrins

to

mediate

mechanotransduction

and

generation of Ca2+ sparks, isolated renal arterioles were incubated
with cytochalasin-D (4µg/ml) or colchicine (1mg/ml) in HBSS for 2
hours before VSMCs were harvested by enzyme digestion. The
occurrence of Ca2+ sparks induced by pulling of FN-beads was then
monitored in these smooth muscle cells.
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Figure 8. Biorad MRC-1000 system
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Figure 9. Leica TCS SP5 system
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d. Immunofluorescence histochemistry:
To detect the changes in the organization of actin microfilaments
induced by cytochalasin-D, renal VSMCs were first fixed with 2%
paraformaldehyde in PBS for 20 min, and then permeabilized with
0.5% Triton-X in PBS for 30 min.

To detect the changes in the

organization of microtubule induced by colchicine, renal VSMCs were
first fixed with 0.5% glutaraldehyde

for 10 min and then quenched

with 0.1% NaBH4 (Zhang et al., 2000). Cells were then incubated with
either FITC-conjugated phalloidin (4 μg/ml, Sigma), or Cy3-conjugated
anti-β-tubulin

antibody

(20

μg/ml,

goat

IgG,

Sigma).

Confocal

fluorescence images were collected with a Zeiss 63x plan-apochromat
objective (N.A. 1.4, oil immersion).

e. Perfusion of afferent arteriole and measurement of luminal
diameter to monitor myogenic response in afferent arterioles:
Experiments were conducted in afferent arterioles isolated from
rat juxtamedullary nephrons as reported previously (Yip and Marsh,
1996; Yip and Marsh, 1997). Male Sprague-Dawley rats from Harlan
Farms (120 – 200 g) were killed by anesthetic overdose. The kidneys
were quickly removed and placed in ice-cold dissection buffer. A
segment of afferent arteriole (300–400 μm) just proximal to a
glomerulus was then dissected, cannulated with two concentric glass
45

pipettes on one end and perfused in a temperature controlled
perfusion chamber (Vestavia, AL) at 37°C.

The perfusion chamber

was mounted on a Zeiss Axiovert 100TV inverted microscope which
was coupled to a Bio-Rad MRC-1000 confocal scanning unit equipped
with transmitted light detector. Images were collected with a Zeiss 20x
plan-apochromat (N.A. 0.75) or 40x plan-apochromat objective (N.A.
1.2, water immersion). An exchange pipette is positioned inside the
inner pipette for rapid fluid exchange. The other end of the cannulated
arteriole is positioned inside a holding pipette to seal the flow. The
intraluminal pressure of the vessel was initially set at 80 mmHg.
Vessels were discarded if there was fluid leakage. Transmitted light
images were collected at 0.25 or 0.5 Hz throughout the experimental
period. After vascular tone was established in the perfused vessel,
perfusion pressure was increased from 80 to 120 mm Hg in a single
step. The time course of changes in luminal diameter was monitored
from the stored images with an edge detecting algorithm based on
covariance (Marsh et al., 1985). The algorithm was implemented with
a Matrox IP-8 imaging board (Wagner et al., 1997; Yip and Marsh,
1996). The composition of the dissecting solution consisted of (in mM):
NaCl, 115; NaHCO3, 25; K2HPO4, 2.5; MgSO4, 1.2; CaCl2, 1.8; glucose,
5.5; pyruvic acid, 2.0; and 1g/dL dialyzed bovine serum albumin (BSA,
fraction V, Calbiochem).

The luminal perfusate and bathing solution
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were identical to the dissecting solution except that no BSA was added
to the bathing solution. BSA was excluded in the bathing solution in
order to prevent bacterial growth in the perfusion chamber. All
solutions were gassed with 5% CO2 before use, and pH was adjusted
to 7.4.
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Figure 10. Perfusion setup used in the Biorad MRC-1000 system

Perfusion chamber
Perfusion pipette in
its holder
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f. Electric Cell-substrate Impedance Sensing (ECIS) technique
f. i) Cell attachment studies via impedance measurements:
Electrode arrays, relay bank, lock-in amplifier and the software for
the ECIS measurements were obtained from Applied BioPhysics, Inc.
(Troy, N.Y.). Each electrode array consists of eight wells which are 1
cm in height and 0.9 cm2 in area; each well contains a 250 μm
diameter gold electrode and a much larger gold counter electrode. The
large electrode and one of the small electrodes are connected via the
relay bank to a phase-sensitive lock-in amplifier, and an AC voltage is
applied through a 1 MΩ resistor.

Experimental setup and circuit

connection were same as we previously described (Lo et al., 1995).
For impedance measurements, Ham’s F12 media supplemented with
10% Fetal Bovine Serum (0.4 ml) was added over the electrode in
each well. Cells were allowed to attach and spread for at least 24 hr
before impedance was measured.

After 24 hours in culture, the

confluence and viability of the cell monolayer was confirmed by light
microscopy and electrically by the resistance values. Attached cells on
the electrode act as insulating particles and the main current must
therefore flow around the cells. The data presented as in- and out-ofphase voltage with the applied signal were converted as resistance and
capacitance connected in series. The changes in cell dimensions
manifest as changes in impedance as the cell-covered area and/or the
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cell-substrate separation change. RGD, RGE, or integrin specific
antibodies in HBSS or complete medium alone were added to each well
and the electrical impedance of each well was measured every two
minutes

for

cell

attachment

studies.

In

all

the

attachment

measurements shown here, 1 V at 4 KHz was applied to the cells
through a 1 MΩ resistor. It takes 2 min per sweep to measure 16
electrodes.

f. ii) Measurement of changes in cell morphology:
Frequency scan is another main method in ECIS with which we can
measure the impedance of the cell-electrode system as a function of
frequency. It takes approximately 2.5 minutes to measure each
electrode. We can obtain Frequency Scan before and after cells attach
on the corresponding electrodes. By comparing the experimental data
of confluent cell layers with the calculated values obtained from cellelectrode model, frequency scan measurements can provide us
morphological information such as cell-cell and cell-substrate contacts
and membrane capacitance of the adherent cells.
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Figure 11. ECIS system

Figure 12. Magnified view of a
single well

(Images courtesy of Applied
BioPhysics, Inc.)
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g. Traction force microscopy to detect remodeling by integrinmediated mechanotransduction:
VSMCs were grown on flexible substratum impregnated with
fluorescent beads, and traction force exerted on the substratum (by
individual VSMC) was calculated based on the displacement of beads
and the Young’s modulus of the flexible substratum (Dembo and
Wang, 1999; Lo et al., 2000). In brief, polyacrylamide gel (5%
Acrylamide, 0.1% Bis-acrylamide, 75 μm thickness, Young’s modulus
= 28 kN/m2) will be prepared on glass coverslip with fluorescent bead
(0.2 μm diameter) impregnated under the top surface. The surface is
then coated with collagen-1 (0.2 mg/ml) after photoactivation with
Sulfosuccinimidyl-6-(4’-azido-2’-nitrophenylamino) hexanoate (SulfoSANPAH; Pierce chemical) (Beningo et al., 2002). One end of the
Sulfo-SANPAH reacts non-specifically to the polyacrylamide gel on
photoactivation and the other end reacts with primary amines thus
crosslinking

the

ECM

protein

(collagen)

to

the

gel.

Recently

hydrazinolysis has also been shown to be an effective tool to make
gels with uniform coatings and protein conjugation (Damljanovic et al.,
2005). Primary culture of renal VSMC is then seeded and cultured
overnight. Fluorescent images of the impregnated beads right under
the

cell

of

interest

will

camera (MicroMax:512BFT;

be

collected

Princeton
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with

a

Instruments,

cooled

CCD

Trenton,

NJ)

attached to an inverted microscope (Zeiss Axiovert 200M) equipped
with a 10x achromat (N.A. 0.25), 20x achroplan (N.A. 0.40) or 20x
plan-apochromat (N.A. 0.75) objective lens with an incubation system
surrounding the microscope.

The basic sequence of image collection is (1) to take a control
image of impregnated fluorescent beads right under the cell of
interest, (2) to collect a series of image during and after the cell
exposed to experimental maneuver, and (3) to collect another image
after removing the cell from the flexible substratum. Deconvolution
algorithm will then be applied to these images to tract the movement
of individual beads. The traction force exerted by the cell to the
flexible substratum will be computed based on the displacement of the
beads and the Young’s modulus of the flexible substratum. The
custom-written image deconvolution program and algorithms for
computing traction force are provided by Wang and Dembo (Dembo
and Wang, 1999; Lo et al., 2004). Calculation of traction stress was
carried out on a supercomputer, using the displacement vectors, the
cell boundary, the Young’s modulus, and the Poisson ratio as the input.

The flexibility of polyacrylamide sheets was determined with an
improved method based on the Hertz theory, similar to that used in
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atomic force microscopy (Radmacher et al., 1992). In short, a steel
ball (0.64-mm diameter, 7.2 g/cm3; Microball Company, Peterborough,
NH) was placed on a stiff or a soft polyacrylamide sheet embedded
with fluorescent beads. The indentation caused by the steel ball was
measured by following with the microscope focusing on the vertical
position of the fluorescent beads under the center of the ball. Young’s
modulus was calculated as Y = 3(1-v2)f/4d3/2r1/2, where f is the force
exerted on the sheet, d is the indentation, r is the radius of the steel
ball, and ν is the Poisson ratio assumed to be (0.3 in our calculation;
(Li, 1993)), (Lo et al., 2000).

Figure 13. Cell culture chamber used for traction force studies

Activated glass
coverslip
Gel
Chamber dish
Vacuum grease
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h. Atomic force microscopy imaging for characterizing the
morphology of the renal VSMCs:
AFM, another non-invasive imaging technique, was done using a
Veeco Bioscope SZ, an integrated imaging system consisting of an
inverted biological microscope (Nikon TE2000) mated with an atomic
force microscope (Digital Instruments, Santa Barbara, CA). Silicon
nitride AFM probe tips (Digital Instruments, #DNP-20) were used for
all of the imaging. AFM cantilevers were 200 µm in length with a
spring constant of 0.28 N/m to 0.32 N/m. The scanning probe tip had
a nominal tip radius with a curvature of 20-60 nm. Laser alignment
was performed on the cantilever and the photodetector before each
scan for maximum sensitivity. Scanning was done using Contact Mode
in fluid. All the imaging was performed on renal VSMCs grown on 60
mm plastic cell culture dishes. The experiments were conducted in
Hank’s Balanced Salt Solution (HBSS, Mediatech) in the absence or
presence of GRGDSP as the agonist or GRGESP for control studies. All
measurements were made at room temperature and a 30 to 60 min
equilibration period was allowed before attempting to scan.

The AFM probe tip was positioned using the inverted optics of
the Nikon TE2000 just prior to engaging the sample. Integral gain,
proportional gain, deflection set-point, scan rate and scan size were all
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optimized to maximize sensitivity and minimize lateral friction and
vertical force to cells. The scanning frequency was 1 Hz. The 512 x
512 data image point fields were taken from scan sizes approximately
100 µm. Images took approximately 2 to 6 minutes to acquire. Both
height and deflection data (position of the probe) were acquired for
each horizontal scan line by applying a constant force of 0.7 nN to 1.3
nN to the cell. Analysis of membrane roughness was used to
characterize changes in membrane topography with and without
treatment. Membrane surface topography was characterized by Mean
Roughness (Ra). Ra is defined as the arithmetic average of the absolute
values of the surface height deviations measured from the mean
plane. Analysis was done using NanoScope (version 6.0 and 7.1,
Veeco, CA). Statistical comparisons of the average roughness between
treatment groups were made using an unpaired student’s t-test and P
< 0.05 was considered significant. All roughness values were reported
as the mean ± SEM.

i. Atomic force microscopy force plot to measure the changes in
stiffness of the cultured VSMCs:
This technique is complementary to traction force microscopy
generating information about the changes in cytoskeletal stiffness and
hence

cytoskeletal

remodeling
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in

integrin

mediated

mechanotransduction. Force-distance curves were generated using the
AFM as described previously by Trache and coworkers (Trache et al.,
2005). The piezotransducer drives the cantilever to approach the cell,
touch it and then retract within a predefined distance in the z-axis.
Typically the probe comes down from a point where it’s not in contact
with the cell. After contact, the cantilever pushes down on the cell to
cause an indentation. Depending on the stiffness of the cells, further
extension of the probe causes an increasing force in the opposing
direction and this bends the cantilever resulting in a defection signal.
During the retraction phase, the cantilever is slowly raised until it
comes to the original position. Prior to force-distance measurements
the spring constant of the cantilever was calibrated using the thermal
noise method.

Calibrating the spring constant gives the deflection sensitivity
which helps to convert a change in deflection shown in voltage to a
change

in

nanometers.

In

order

to

obtain

the

deflection

sensitivity, we performed force-distance curves on a hard surface
(plastic). The slope of the contact region is the deflection sensitivity
(e.g., in nm/V). By drawing a line parallel to the curve we
can measure the slope and then using the software we can compute a
"deflection sensitivity" (in nm/V) based on the spring constant.
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Renal VSMCs grown on 60 mm plastic cell culture dishes
incubated with in Hank’s Balanced Salt Solution (HBSS, Mediatech) at
room temperature were used for the force plot measurements.
Scanning frequency was 1 to 1.5 Hz. Ramp size ranged from 2 µm to 4
µm. The z-scan start was adjusted manually until the AFM cantilever
deflection on the cell was optimal. Adjusted parameters were
maintained for a particular cell under control and treatment conditions.
Approximately ten force distance curves were acquired on each cell in
the presence and absence of RGD or RGE containing peptides. Forcedistance

plots

of

stiffness

measurements

were

analyzed

using

NanoScope software (version 7.1, Digital Instruments, Santa Barbara,
CA).
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Figure 14. Atomic Force Microscope

Scan head

Figure 15. Silicon nitride AFM probe tips

(Images courtesy of Veeco Instruments Inc, Dr.Dean’s lab)
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j. Data analysis for Ca2+ sparks:
Results of measurement were shown as mean ± SE. Only one
arteriole was used from each animal for perfusion study. Ca2+ sparks
were detected in confocal images with a custom made algorithm
written

in

Interactive

Data

Language

software

(IDL,

Research

Systems, Boulder, CO). The program identified Ca2+ sparks on the
basis of their statistical deviation from the background noise (Cheng et
al., 1993; Zhang et al., 2003). Fluorescence signals (F) of each
confocal image were first normalized in terms of F/F0, where F0 is the
baseline of fluorescence in a region of the image without Ca2+ sparks.
A denoising algorithm based on wavelet-transformation was applied to
remove the Gaussian noise from the image (v Wegner et al., 2006).
The mean and variance (σ2) of the normalized image were then
determined. Ca2+ sparks were identified based on local fluorescence
intensity greater than mean + 2.5√σ2. The amplitude of sparks
selected will be reported as the peak value of F/F0 (fluorescence
intensity normalized by background fluorescence). The duration and
width of Ca2+ sparks were quantified as the full-duration halfmaximum (FDHM) and full-width half-maximum (FWHM) respectively
(Remillard et al., 2002). FDHM is the duration (ms) in which the
fluorescence intensity of a Ca2+ sparks is greater than half of its peak
fluorescence intensity. FWHM is the width (µm) in which the
60

fluorescence intensity of a Ca2+ sparks is greater than half of its peak
fluorescence intensity. The spark frequency of each cell was defined as
the number of sparks detected per second in a scan line of 25 μm.
Statistical significance (p < 0.05) was assessed by paired or unpaired
Student's t-test whenever applicable.
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CHAPTER THREE
THE EFFECT OF INTEGRIN BINDING PEPTIDES ON CULTURED
RENAL VSMCs
INTRODUCTION
Microelectrode arrays provide a simple interface for monitoring
impedance

characteristics

of

populations

of

cultured

cells

over

extended periods. Renal vascular smooth muscle cells (VSMCs) are
allowed to attach to the gold electrodes and, since the cell membranes
exhibit dielectric properties the changes in the effective electrode
impedance

can

be

measured

using

this

technique.

Impedance

measurements using alternate current (AC) techniques are based on
the fact that intact living cells are excellent electrical insulators at low
signal frequencies, hence a noninvasive assay of morphological
properties of cultured cells. Giaever and Keese developed the ECIS
system to quantify the cell behavior in tissue culture (Giaever and
Keese, 1984; Giaever and Keese, 1991). Using this system, one can
quantify changes in the capacitance of the cell membrane, cellsubstrate separation, and cell-cell separation with exquisite sensitivity
and in a non-invasive manner (Giaever and Keese, 1991; Lo, 1998; Lo
et al., 1998; Lo et al., 1995). ECIS was employed to contemplate the
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effects of integrin binding peptides on cultured VSMCs from rat
kidneys. This technique is useful in observing contractility in cultured
VSMCs as it is otherwise difficult to record this aspect since the cells
become very thin and spread out in culture. Methods used to test this
hypothesis are described in the method section under 2a and 2f.

RESULTS
Rates of cell attachment and spreading are known to be
dependent on the type of ECM protein coated on the substratum. In
order to examine the preference of the cultured VSMCs to various ECM
proteins we coated ECIS electrodes with fibronectin, vitronectin,
laminin,

bovine

serum

albumin

(BSA),

collagen,

and

uncoated

electrodes were used as the negative control where the adsorbed
protein layer was simply a collection of those proteins found in the FBS
used to supplement the growth medium. Figure 16 shows a typical
result obtained using the ECIS attachment assay and data are
presented as the measured resistance normalized to its value at the
start of each run. Here the cells were inoculated on the electrodes at
time zero and the impedances were monitored for 20 hours. As shown
in figure 16, there was a large difference in the response of VSMCs to
the different protein layers. Following the inoculation, the resistance
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of the fibronectin-coated electrode increased more rapidly with time
than those of the other five electrodes.

This initial quick rise in the

curve was because the suspended VSMCs continuously dropped to the
bottom of the ECIS wells, attached to the electrode, and effectively
blocked the area available for current flow. Approximately by the end
of 2 hours the resistance peaked and started to fall as the attached
VSMCs started to develop focal adhesions, spread, push each other,
and form a monolayer. By 6 hours the cells attached, spread, and
reached equilibrium. Smaller changes in the cell-electrode interaction
due to cell motions caused the impedance to fluctuate with time.
Resistance changes of collagen and vitronectin electrodes lagged
somewhat behind the fibronectin electrode, and there was hardly any
increase in the resistance for laminin, BSA, or uncoated electrode.
These results agree with observations from other laboratories that
smooth muscle cells prefer fibronectin, vitronectin, and type I collagen
for attachment, spreading and the formation of stable focal adhesions
(Hedin et al., 1989; Naito et al., 1992; Yamamoto and Yamamoto,
1994).
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Figure 16. Normalized resistance showing the attachment and
spreading of renal VSMCs on different ECM proteins
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The different coatings used are as fibronectin (black), collagen I (red),
vitronectin (blue), laminin (green) and, bovine serum albumin (pink),
or uncoated electrodes (yellow).
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An intriguing feature of this ECIS system is the frequencydependent measured impedance, which is always associated with cellcell and cell-substrate interactions. In the next experiment the
impedances of the electrode wells were measured under different
frequencies. It records one electrode at a time and requires about 2.5
minutes for each electrode. Figures 17 A and B show the measured
resistance and capacitance of an electrode without and with VSMCs
respectively.

As evidently seen from figure 17, both resistance and

capacitance values of the cell-free electrode drop with increasing
frequency; however, they differ as cells attach and spread on the
electrodes.

At high frequency, when the cells cover up some of the

electrode area, the resistance increases and the capacitance decreases
because the cells impair the movement of ions, resulting in lesser
current flow from the electrode. At low frequency, both resistance and
capacitance do not change much even when there are cells on the
electrode because the impedance from the electrode-electrolyte
interface dominates the measured impedance. As the resistance and
capacitance are frequency dependent, the changes in the interactions
between the cell membrane and the electrode at different frequencies
can be monitored using this method.
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Figure 17. Changes in impedance with and without renal VSMCs
Figure 17 (A). Frequency scan showing the changes in resistance of
electrodes with (red) and without (blue) VSMCs
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Figure 17 (B). Frequency scan showing the changes in capacitance of
electrodes with (red) and without (blue) VSMCs
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Figures 18 shows the plot of normalized resistance (A) and
capacitance (B) as a function of log10 (frequency) for a typical
electrode with a confluent layer of VSMCs. The curves were obtained
by dividing the measured values for cell covered electrodes by its
corresponding value for the cell-free electrodes. This measurement
was taken at different frequencies. The junctional resistance between
the cells influences the height of the peak. Also greater the cell
substrate separation the more is the curve moved towards the right
side of the plot. From this we can observe that approximately 10,000
Hz is the optimal frequency to measure the impedance of these
electrodes when monitoring the VSMCs for interactions with various
compounds or ligands.
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Figure 18. Impedance ratio of a typical electrode with and
without VSMCs

Figure 18 (A). Ratio between the resistance of a typical electrode with
and without cells

3.5

Normalized resistance

3.0

2.5

2.0

1.5

1.0
1.0

2.0

3.0

Log frequency, Hz

70

4.0

5.0

Figure 18 (B). Ratio between the capacitance of a typical electrode
with and without cells
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The figures 19 A and B represent the changes in resistance and
capacitance as a function of log10 (frequency) when cells are grown
over multiple electrodes. These graphs demonstrate that both the
resistance and the capacitance values of the cell-free electrode drop
with increasing frequency. The higher the frequency the lesser is the
current flow due to the VSMCs impairing the movement of ions.
Moreover it also illustrates that the optimal resistance of 10,000 Hz is
a population behavior applicable to multiple electrode configurations.
Both the resistance and capacitance drop after this optimal value.
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Figure 19. Impedance variations measured using ECIS in the
presence and absence of VSMCs

Figure (A). Logarithm of resistance of the electrodes with (red) and
without (blue) cultured renal VSMCs
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Figure 19 (B). Logarithm of capacitance of the electrodes with (red)
and without (blue) cultured renal VSMCs
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Previous studies showed that RGD peptide caused an increase in
intracellular Ca2+ fluorescence intensity in cultured renal VSMCs (Chan
et al., 2001) and caused constriction in intact afferent arterioles (Yip
and Marsh, 1997). Here ECIS was used to examine the overall cellular
response resulting from integrin ligation using soluble RGD containing
peptide. Figure 20 shows typical tracings of ECIS attachment data
obtained from VSMC monolayers. In the figure the solid lines
correspond to treatment with 0.5 mM RGD while the dotted lines
correspond to treatment with 0.05 mM RGE. The different color lines
indicate different coatings on the electrode as explained in the legend.
The black arrow indicates the time point at which the different ligands
were added into the well. This is marked by a transient but steep
increase in resistance in response to a small but sudden decrease in
temperature due to the addition of RGD or RGE containing peptide.
Regardless of different ECM coatings, the addition of RGD lowered the
resistance after the initial spike, indicating that lesser electrode area
was covered by the VSMCs. A visual examination of the electrodes
confirms that cells have a tendency to contract and round up when
treated with RGD. While addition of RGE peptide did not inhibit cell
spreading and it acted as the inactive control.
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Figure 20. The effect of RGD and RGE on VSMCs grown on
different ECM coatings
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The different coatings used were fibronectin (black), collagen (red),
bovine serum albumin (blue), vitronectin (green), laminin (pink), or
uncoated electrodes (yellow). The same colors signify the same
coatings on different electrodes. Dotted lines indicate addition of RGE
(0.05 mM) as control, and solid lines indicate addition of RGD (0.5
mM) at the point shown by the arrow.
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Previously dose dependent curves for constriction in perfused
afferent arterioles induced by RGD peptide showed a significant degree
of constriction over a range of concentrations varying from 10-7 to 10-3
M (Yip and Marsh, 1997). Now the effect of varying RGD concentration
on the impedance of VSMC-covered electrode was monitored by ECIS
for 5 hours. In these experiments, VSMCs were cultured on collagen I
(0.2 mg/mL) coated electrodes which became a confluent monolayer
20 hours after inoculation. Complete media was used as negative
control. RGE containing peptide served as the inactive control. The
cells treated with the highest concentration of RGD, 1 mM, showed an
initial spike following ligand addition. This was followed by a drastic
drop in resistance for a few hours implying that most of the cells came
loose at the end of the measurement. With 0.1 mM RGD the initial
spike in resistance was similar but followed by a slower decline.

A

dose dependent relationship was generally observed, with negligible
effects for the 0.01 mM RGD containing peptide. Images in figure 22
gives an idea of the electrode coverage when the VSMCs are treated
with 0.5 mM RGD or RGE (top and bottom panels respectively). It can
be seen that fewer VSMCs remain attached when treated with RGDthan when treated with RGE- containing peptide.

77

Figure 21. Time course of integrin effects at various RGDpeptide concentrations
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Complete media (red), RGD having a final concentration of 0.01 nM
(brown), 0.1 mM (dark blue), 1 mM (pale blue) and 0.1 mM RGE
(green).
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Figure 22. Images of VSMCs on the ECIS electrode

The gold electrode is seen as the circular area. Scale bar = 100 µm.
VSMCs after addition of 0.5 mM RGD (top panel) and 0.5 mM RGE
(bottom panel)
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We also conducted time course experiments to study the effects
of RGD with regard to the attachment time of the VSMCs to the
substratum coated with collagen I. Figures 23 A and B show that the
measured resistance did not peak when 0.5 mM RGD was added to the
medium simultaneously as the cells were inoculated into the wells
which indicates that there was very little cell attachment to the
electrodes. The red line shows the changes in impedance when RGD
was added 1 hour after seeding the cells. Here the peak in resistance
was observed but was less significant than that seen when RGD
peptide was added 3 hours (green line) after seeding. The dotted line
indicates the trend in the impedance changes on addition of cell
suspension in the presence of 0.5 mM RGE (control peptide) at time
point 0. When RGD was added over 3 hours after seeding the cells
(data not shown), normalized resistance curves were similar to the
result in control condition.
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Figure 23. Time course response for RGD peptide
Figure 23 (A). Variations in resistance during the time course
experiment
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Solid lines represent addition of 0.5 mM RGD peptide at 0 (blue), 1
(red) and 3 hours (green) and broken line indicates addition of 0.5 mM
RGE peptide (black) at time zero.
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Figure 23 (B). Variations in capacitance during the time course
experiment
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Solid lines represent addition of 0.5 mM RGD peptide at 0 (blue), 1
(red) and 3 hours (green) and broken line indicates addition of 0.5 mM
RGE peptide (black) at time zero.
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Fibronectin (FN) is known to predominantly bind to α5β1 integrin
heterodimer. Fibronectin, a common ECM protein, was used to coat
paramagnetic beads. These beads were in turn used to transduce force
into VSMCs in the presence of a magnetic field. So we tested the effect
of the beads themselves falling on the cells and attaching to them.
After the initial spike with the addition of the beads, FN-coated
microbeads showed a trend to cause contraction of VSMCs (figure 24
(A) and (B)). Addition of uncoated beads did not show any appreciable
change in impedance and served as a control for non-specific binding.
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Figure 24. Changes in impedance in the presence of coated
beads
Figure 24 (A). Effect after addition of FN- coated (pink) and uncoated
(blue) microbeads to renal VSMCs
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Figure 24 (B). Image of an electrode covered with VSMC to which
paramagnetic microbeads have been added (Scale bar = 100 µm)
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Finally, the effect of this integrin specific β1 antibody was studied
using ECIS. Since VSMCs do not express β2 integrins, antibody to that
integrin was used as the control. From figure 25 we gather that
addition of β1 integrin antibody caused an immediate drop in the
resistance unlike the addition of β2 integrin antibody or RGD containing
peptide which was shown previously. This immediate decline in
resistance can be interpreted as the potent contractile capability of the
antibody by releasing a significant amount of Ca2+ which is discussed
in chapter 4. By the end of one hour the resistance slowly creeps back
to the pretreatment levels only to start their gradual irreversible
decline soon after that. This is perhaps due to the cells trying to resist
and overcome the effect of antibody but due to its more potent and
irreversible nature the VSMCs finally contract and have a tendency to
come loose easily. β2 integrin antibody does not show any appreciable
change in resistance and allows the cells to spread on the surface of
the electrode.
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Figure 25. Effect of integrin specific antibodies on cultured
VSMCs as measured by ECIS
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β1 integrin antibody is shown in black; β2 antibody (red) was used as
control.

87

DISCUSSION
We studied the preferential adherence and spreading of the cells
on different ECM coatings. Although in vivo VSMCs are found in a
milieu of ECM proteins, they seem to prefer collagen and fibronectin
over other coatings in vitro. Generally studies use collagen or
fibronectin to coat the electrodes to get a quick and reliable cellular
attachment (Salas et al., 1987; Wegener et al., 2002). We showed
that within two hours the attachment of cells had peaked and the cells
started to spread.

We assumed that the cells have a rectangular shape. We tried to
identify

the

individual

capacitance

values

of

basal

and

apical

membranes. Generally, in a simple rectangular model the current is
assumed to flow intercellularly and transcellularly without considering
the different current distribution through basal and apical membranes.
In the newer more comprehensive model the electrical potential inside
the cells, Vi, is assumed to be a constant and that the transcellular
current flows in through the basal membrane and out through the
apical membrane.

From our study we found that the capacitance of

the apical membrane is slightly higher than the basolateral membrane.
Since the apical cell surface of an adherent cell usually has more folds
than the basal membrane and hence displays a higher capacitance
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value, this new consideration is important to make model calculation
fit the experimental data, particularly in the high frequency region.

The impedance of the electrodes is measured by ECIS under
varying frequencies. The resistance and capacitance decreases with
increase in frequency when cells cover part of the electrode. This is
because at higher frequencies there is less time for the current to
come out of the electrode and hence less current passes between the
cells. But at lower frequencies there is sufficient time for the current to
pass between the cells resulting in almost no change in the resistance
and

capacitance

when

cells

cover

the

electrodes.

We

showed

resistance and capacitance as a function of log10 (frequency) obtained
from electrodes with and without a monolayer of VSMCs. Different cell
types exhibit different peak impedance as a function of frequency. The
impedance of MDCK cells peak at 700 Hz while fibroblasts peak at
4000 Hz (Lo et al., 1995). This is because the shift in the peak is
governed by both junctional resistance and cell-substrate separation.
Frequencies close to 10,000 Hz were determined to be the optimal
range for measuring the changes in impedance in the renal VSMCs.

In culture, VSMCs respond to integrin ligation by triggering an
increase in [Ca2+]i when treated with exogenous RGD peptide (Chan et
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al., 2001). RGD peptide caused constriction in intact arterioles (Yip
and Marsh, 1997). But it is a challenge to measure contractility of
cultured cells as they are spread out in thin monolayer. So we used
ECIS to study the response of cultured VSMCs in terms of changes in
cell-cell and cell-substrate interactions. Our results illustrate that
irrespective of the ECM protein coating used on the electrode, the
resistance drops drastically with the addition of RGD peptide. A drop in
resistance indicates that lesser area on the electrodes is covered by
the cells, which could be due to contraction and rounding up of the
cells. Dose dependent curves for constriction in perfused afferent
arterioles induced by RGD peptide showed a significant degree of
constriction over a range of concentrations varying from 10-7 to 10-3 M
(Yip and Marsh, 1997). From ECIS experiments we found that the
VSMCs responded effectively to 0.1 mM RGD but 1 mM RGD appeared
to be at the upper limit of concentration as most cells were lifting off of
the electrodes.

With the help of time course experiments we showed that the
resistance of the electrodes during attachment of cells did not peak in
the presence of 0.5 mM RGD containing peptide. This signifies that this
peptide hinders normal formation of focal adhesion complexes by
ligating integrins. On the contrary 0.5 mM RGE peptide served as the
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control and did not markedly affect the attachment of VSMCs. It is also
noted that the effect of RGD peptide is lesser when added after the
initial cell spreading. This peptide slightly hinders the formation of a
monolayer of cells when added 1 hour after the inoculation of cells.
But RGD peptide does not show any effect in inhibiting cell attachment
when treated 3 hours later. From these data we can speculate that the
soluble ligand (RGD peptide) binds to integrins all over the VSMCs
when they are in suspension. But, once the cells have established focal
adhesion, RGD peptide binds more readily to the free integrins than
compete with the integrins that have formed focal adhesion complex.
This is seen by the lesser drop in resistance in the firmly attached
VSMCs. The response to RGE peptide at 0 hour is similar to the
addition of RGD after 3 hours of attachment signifying that both these
ligands at the given time frame do not hinder the formation of focal
adhesion and hence the resistance of the electrodes is higher.

The response to the addition of FN-coated and uncoated
microbeads was also monitored. The uncoated beads showed a pattern
similar to control peptides which is attributed to the non-specific
binding to the VSMCs. FN predominantly binds to α5β1 integrin
heterodimer. ECIS study showed that addition of FN-coated beads
caused a drop in resistance indicating contraction with a more specific
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integrin binding. The effect of integrin specific β1 antibody was also
tested. Antibodies to integrins have generally been used as functional
blockers. In our study we found that ligation of integrins using
antibody also caused a drop in resistance attributed to contraction of
cell. Besides this, the immediate response to β1 antibody is a sharp
decline in the resistance which could indicate that the cells lost contact
due to the replacement of focal adhesion complexes with the
irreversible binding of the antibodies. The cells may still try to
establish contact and resist the contraction which by the third hour
seemed to be in vain.
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CHAPTER FOUR
THE ROLE OF INTEGRINS IN MECHANOTRANSDUCTION IN
FRESHLY ISOLATED RENAL VSMCs
INTRODUCTION
The primary mechanism for renal blood flow autoregulation is
the

regulation

of

afferent

arteriolar

vascular

resistance

by

tubuloglomerular feedback and myogenic response (Holstein-Rathlou
and Marsh, 1994). The dynamics of the myogenic response in afferent
arteriole is modulated by tubuloglomerular feedback in terms of both
the amplitude and frequency (Chon et al., 2005; Marsh et al., 2005a;
Marsh

et

al.,

2005b;

Yip

et

al.,

1993).

The

sensor

for

the

tubuloglomerular feedback is the macula densa in the early distal
tubule, which detects the flow-dependent changes in luminal [NaCl]
and accordingly adjusts the afferent arteriolar resistance (Briggs and
Schnermann, 1987). However, the mechanotransduction mechanisms
in the myogenic response are not well defined (Davis and Hill, 1999).
Integrins, the heterodimeric transmembrane proteins composed of α
and β subunits, provide the structural linkage between ECM and CSK,
and function as signaling receptors. Studies showed that extracellular
mechanical force is transmitted across the plasma membrane via
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integrins to initiate intracellular signaling in non-muscle cells (Ingber,
1990; Katsumi et al., 2004; Martinez-Lemus et al., 2003; Wang et al.,
1993). Synthetic integrin-binding peptide GRGDSP (Gly-Arg-Gly-AspSer-Pro), induces vasoconstriction in rat afferent arterioles, which is
associated with a pronounced increase of [Ca2+]i in VSMCs (Yip and
Marsh, 1997). Longitudinal stretch of urinary bladder smooth muscle
cell

induces

Ca2+ sparks (coordinated opening of a cluster of

ryanodine receptors), Ca2+ waves, and inward Cl- current (Ji et al.,
2002). Interestingly the Ca2+ mobilization in renal VSMCs induced by
integrin-binding peptide is ryanodine-sensitive and is associated with
recurrent Ca2+ waves (Chan et al., 2001). These observations raise the
intriguing hypothesis that integrins on the plasma membrane of renal
VSMCs may serve as mechanotransducers to regulate vascular tone by
generating Ca2+ sparks and triggering contraction (ZhuGe et al.,
1998). The present study was undertaken in an attempt to provide the
evidence to substantiate this hypothesis.

To investigate whether integrins transduce mechanical force into
Ca2+ sparks, we monitored the occurrence of Ca2+ sparks when
magnetic pulling of fibronectin-coated paramagnetic beads (FN-beads)
was applied to freshly isolated renal VSMCs. FN predominantly binds to
α5β1- integrin heterodimer in SMCs (Horwitz et al., 1985; Pytela et al.,
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1985; Takada et al., 1987). Our results demonstrate for the first time
that integrin-mediated mechanotransduction is coupled to localized
subcellular Ca2+ release in form of Ca2+ sparks.

RESULTS
We coated paramagnetic beads with FN, a common ECM protein
that binds to integrin. Figure 26 shows a typical VSMC used for
magnetic pulling study, in which there was one FN-bead attached.
There was no discernable membrane deformation or cell dislocation
when magnetic field was applied to FN-bead. There was only a
transient re-orientation of the FN-bead towards the electromagnet.
Some of the cells used for imaging had multiple beads attached (up to
5 beads/cell).
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Figure 26. Transmitted light image of a freshly isolated renal
VSMC with a fibronectin-coated paramagnetic bead attached
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We first tested whether mechanical force applied through α5β1
integrins triggers Ca2+ signal cascade in renal VSMCs. Before the
magnetic field was applied to the FN-beads, no spontaneous Ca2+
spark was detected in the baseline. Pulling of FN-beads triggered Ca2+
sparks, Ca2+ wave and global Ca2+ increase in 85% of cells with a
variable time delay of 0.5 – 3 s. Global increase of [Ca2+]i

followed

the occurrence of multiple Ca2+ sparks (Figure 27 A). The fluorescence
intensity profiles of individual Ca2+ sparks are shown in Figure 27 B.

The time course of increase in Ca2+ spark frequency (number of
sparks in every 512 scan lines) and spatially averaged global [Ca2+]i
(average fluorescence intensity of every 512 scan lines) are shown in
Figure 29 A and B. We characterized the distribution of the
spatiotemporal parameters of Ca2+ sparks in terms of FDHM (FullDuration Half-Maximum) and FWHM (Full-Width Half-Maximum) as
shown in Figure 30 A and B. The median of FDHM and FWHM were 24
ms and 1.0 µm respectively. Other parameters of the Ca2+ sparks were
tabulated in Table 1.
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Figure 27. Linescan images of Ca2+ sparks in renal VSMCs
Figure 27 (A, B). Ca2+ sparks triggered by FN-bead pull in renal VSMCs

10 µm

A

1000 ms

10 µm

B

200 ms

(A) A record of 16 s showing Ca2+ sparks, Ca2+ waves, and global
increase of [Ca2+]i induced by pulling of FN-bead. (B) High temporal
resolution image of two Ca2+ spark induced by FN-bead in 1 s and their
fluorescence profiles. Dotted line indicates the initiation of magnetic
pulling. White arrowheads point to examples of Ca2+ sparks. Images
were collected with a Leica TCS SP5 confocal system.
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Figure 27 (C, D). Spontaneous Ca2+ sparks in renal VSMCs

10 µm

C

1000 ms

10 µm

D

200 ms

(C) A record of 16 s showing spontaneous Ca2+ sparks. (D) High
temporal resolution image of a spontaneous Ca2+ spark and its
fluorescence profile. Dotted line indicates the initiation of magnetic
pulling. White arrowheads point to examples of Ca2+ sparks. Images
were collected with a Leica TCS SP5 confocal system.
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Ca2+ sparks are the consequence of coordinated opening of
ryanodine receptors in clusters (Nelson et al., 1995). In renal VSMCs
pretreated with 50 μM ryanodine for 30 min, pulling of FN-beads
triggered Ca2+ sparks in only 4% of the cells tested (figure 32).
Removal of extracellular Ca2+ (Ca2+-free HBSS + 4 mM EGTA in the
bathing solution) did not block the occurrence of Ca2+ sparks induced
by FN-beads. These observations indicate that Ca2+ sparks induced by
FN-beads does not depend on the influx of extracellular Ca2+, but on
the gating properties of ryanodine receptors.

Next, we tested whether the structural linkage of integrincytoskeleton is required for magnetic pulling to generate Ca2+ sparks.
Incubation of renal VSMCs with cytochalasin-D induced fragmentation
of actin microfilament (figure 28 A and B). 4% of cytochalasin-D
treated cells still responded to magnetic pulling by generating Ca2+
sparks (figure 32). Incubation of renal VSMCs with colchicine induced
disruption of microtubule network (figure 28 C and D). 16% of
colchicine-treated cells responded to magnetic pulling by generating
Ca2+ sparks (figure 32). These observations are consistent with the
notion that structural linkage of integrin-cytoskeleton is required for
the induction of Ca2+ sparks. Disruption of internal cytoskeleton
inhibited the transmission of extracellular mechanical force into
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intracellular organelles (Wang et al., 2001). The force imposed by
magnetic pulling was then confined to the plasma membrane, which
might still activate other integrin-independent mechanisms.
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Figure 28. Disruption of cytoskeleton in freshly isolated renal
VSMCs

Fluorescence

of

FITC-conjugated

phalloidin

immunofluorescence of β-tubulin (C, D).

(A,

B)

and

Cells were treated with

cytochalasin-D (B) and colchicine (D) before fixation. The images are
the projections of five optical sections with a step size 0.4 µm. Scale
bar is 10 µm.
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To test whether transmembrane receptors that are not linked to
the cytoskeleton can also trigger Ca2+ sparks, LDL-beads were used
instead of FN-beads. Magnetic pulling of LDL-beads triggered Ca2+
sparks in 14% of cells tested (figure 32). The mean Ca2+ sparks
frequency was significantly less compared to that induced by FN-beads
(Table 1). There was no global [Ca2+]i increase after the occurrence of
Ca2+ sparks (figure 29 C and D). The distribution of the spatiotemporal
parameters of Ca2+ sparks in terms of Full-Duration Half-Maximum and
Full-Width Half-Maximum were shown in figure 30 C and D.

Other

parameters of the Ca2+ sparks were tabulated in Table 1. These data
suggest that pulling of non-integrin receptors has minimal effects in
triggering Ca2+ sparks and global [Ca2+]i response when compared to
pulling integrins. Uncoated paramagnetic beads were used in the
pulling study as a control for non-specific adhesion between VSMCs
and the beads. Pulling of uncoated beads attached on VSMCs did not
trigger Ca2+ sparks.
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Figure 29. Frequency of Ca2+ sparks and global Ca2+ response
in VSMCs
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Mean occurrence frequency of Ca2+ sparks (number of Ca2+ sparks in
every 512 scan lines) and spatially averaged Ca2+ transient (average
fluorescence intensity in every 512 scan lines) before and during
pulling of (A,B) FN-beads (n=26), and (C,D) LDL- beads (n=10). F,
fluorescence; F0 baseline fluorescence. Pulling was initiated at t=0.
Scan lines were collected at 500 Hz.
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Figure 30. Frequency distributions of the spatiotemporal
parameters of Ca2+ sparks
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Ca2+ sparks were triggered by pulling with (A,B) FN-beads (263
sparks, 52 cells) and (C,D) LDL-beads (24 sparks, 8 cells). Numbers
of events are expressed as duration (FDHM, Full-Duration HalfMaximum) and spatial spread (FWHM, Full-Width Half-Maximum).
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Figure 31. Frequency distributions of the spatiotemporal
parameters of spontaneously occurring Ca2+ sparks
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Data shown here represents 137 Ca2+ sparks from 12 cells. Numbers
of events are expressed as duration (FDHM, Full-Duration HalfMaximum) and spatial spread (FWHM, Full-Width Half-Maximum).

106

Figure 32. Percentage of renal VSMCs in which Ca2+ sparks
were detected at different experimental conditions
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FN-coated paramagnetic beads (n = 99), FN-coated paramagnetic
beads + ryanodine (n = 22), FN-coated paramagnetic beads +
cytochalasin-D (n = 24), FN-coated paramagnetic beads + colchicine
(n = 25), LDL-coated paramagnetic beads (n = 69), spontaneous Ca2+
sparks (n=117).

No Ca2+ spark was detected in cells pulled with

uncoated paramagnetic beads (n= 27).
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Table 1. Properties of Ca2+ sparks induced by pulling with
coated paramagnetic beads

FDHM

FWHM

(F/F0)

(ms)

(µm)

0.75 ± 0.05

1.61 ± 0.03

27.0 ± 0.8

1.1 ± 0.03

coated beads

(n = 99)

(n = 263)

(n = 263)

(n = 263)

LDL-coated

0.12 ± 0.02*

1.61 ± 0.04

25.9 ± 2.3

1.1 ± 0.1

beads

(n = 69)

(n = 24)

(n = 24)

(n = 24)

Spontaneous

0.36 ± 0.07

1.5 ± 0.02

13.3 ± 0.3

0.7 ± 0.03

(n = 12)

(n = 137)

(n = 137)

(n = 137)

Spark

Spark

Frequency

Amplitude

(sparks/s)
Fibronectin-

sparks**

F, peak fluorescence; F0, baseline fluorescence; FDHM, Full-Duration
Half-Maximum; FWHM, Full-Width Half-Maximum.

Spark amplitude

was measured at the peak of each Ca2+ spark. Asterisk (*) indicates
that the difference is significant when compared to the same
parameter of sparks induced FN-beads (p<0.03). All data were
collected with a Bio-Rad MCR-1000 confocal system unless specified.
** Data were collected with a Leica TCS SP5 confocal system for 32 s
continuously from each cell. Only cells with spontaneous Ca2+ sparks
were used for calculation the spark frequency.
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DISCUSSION
Integrins have been implicated as the mechanosensor in the
myogenic response to transduce mechanical force into an intracellular
Ca2+ signal (Davis et al., 2001; Martinez-Lemus et al., 2003; Yip and
Marsh, 1997). There is no direct evidence that integrins function as
mechanotransducer in renal VSMCs to initiate intracellular Ca2+
signals.

An earlier study showed that addition of RGD in cultured

VSMCs triggered Ca2+ release from receptors (Chan et al., 2001). Our
studies using the ECIS technique revealed that RGD peptide caused
contraction in cultured VSMCs which is consistent with the observation
in cultured VSMCs where RGD peptide triggered an increase in
intracellular Ca2+ (Chan et al., 2001). Microbeads coated with RGD
peptide have been successfully used in magnetic twisting experiments
to transduce mechanical force into endothelial cells (Wang et al.,
1993). In studies where the force was applied through collagen-coated
magnetic beads to fibroblasts, an increase in actin assembly and
cytoskeletal stiffening was seen. This was dependent on both [Ca2+]i
and tyrosine-phosphorylation (Glogauer et al., 1997). Thus employing
magnetic

beads

allows

us

to

manipulate

external

force

while

simultaneously measuring dynamic changes in intracellular calcium.

109

In the present study, we demonstrated that integrins transduced
external mechanical force into intracellular Ca2+ sparks by modulating
the gating property of ryanodine receptors. Spontaneous Ca2+ sparks
are usually detected in VSMCs isolated from other vascular beds
(Nelson et al., 1995; Pucovsky and Bolton, 2006; Remillard et al.,
2002; Umesh et al., 2006; Zhang et al., 2003). However, spontaneous
Ca2+ sparks were not detected in pre-pull baseline when the Bio-rad
confocal system was used.

It is most likely because the sampling

interval is not long enough plus the image collection is not continuous
(1 s time lapse between each 512 scan lines). We tested this
possibility by using a Leica TCS SP5 confocal system to overcome the
limitation of the Bio-rad system. By using a continuous sampling
period of 32 s, we detected spontaneous Ca2+ sparks in 12 out of 117
cells in 7 preparations (figure 27 C and D; figure 31 A and B). The
properties of these Ca2+ sparks were tabulated at Table 1. In the cells
that displayed spontaneous Ca2+sparks, their frequency is 50% less
than that in pulmonary VSMCs (Remillard et al., 2002). Since only
10% of cells displayed spontaneous Ca2+ sparks in a period of 32 s,
this does not abrogate our observations that integrin-mediated
mechanical force triggers Ca2+sparks.
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The force and distance relationship between the electromagnet
and a single paramagnetic bead was established based on Stokes’
Law. Since the magnetic pulling force is very sensitive to the distance
between the magnet and the bead, the bead that is the closest to the
magnet exerts most pulling force. Assuming that there are 5 beads
attached to a VSMC and all beads are 100 μm away from the magnet,
the total force exerted is only 0.5 nN (5 X 100 pN). This magnitude of
the pulling force is comparable to the force used to study the
phenomenon of integrin-mediated cell adhesion (Alenghat et al., 2000;
Lammerding et al., 2003; Matthews et al., 2004). The maximal pulling
force exerted by the paramagnetic beads (0.5 nN) is an order of
magnitude less than that of the increase of wall tension, which is
approximately calculated using the law of Laplace. Therefore, the Ca2+
transient triggered by pulling of FN- beads is unlikely due to excessive
pulling force.

Wang

and

coworkers

demonstrated

that

disruption

of

microfilaments or microtubules did not completely inhibit the stiffening
response when RGD-coated beads were used in magnetic twisting
experiments in endothelial cells. But disrupting all three CSK filaments
completely suppressed this response (Wang et al., 1993). It is
suggested that molecular connections between integrins, cytoskeleton
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filaments, and nuclear scaffolds may conduct mechanical signal
transfer throughout the cells, and provide a mechanism for producing
integrated changes in cells in response to even local changes in ECM
mechanics (Maniotis et al., 1997). The observations that cytoskeleton
disruption agents, cytochalasin-D and colchicine, attenuated the
induction of Ca2+ sparks by FN-beads are consistent with this
hypothesis. Similar observations were also reported from colonic
smooth muscle cells, in which Ca2+ release from internal Ca2+ stores
induced by mechanical stimulation requires intact actin filament
(Young et al., 1997). The observations from LDL-beads substantiated
the notion that structural linkage with internal cytoskeleton is required
for transmembrane mechanical signal transduction. Although LDLbeads are commonly used as the control for non-integrin mediated
mechanical stress triggered by magnetic field (Ingber, 1997; Wang et
al., 1993; Wang et al., 2001), there is a remote possibility that the
different effects of FN-beads and LDL-beads on Ca2+ sparks are simply
due to the difference in mechanical stress (force/unit area) imposed
by the beads to the cells. Even though the amount of force imposed by
a FN-bead or LDL-bead to a cell can be identical (same intensity of
magnetic field imposed on the same size of paramagnetic bead), local
mechanical stress measured under the bead can be varied depending
on the contact area.
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Ca2+ sparks triggered by FN-bead might be the consequence of
enhanced activity of Ca2+ channels. However, opening of ryanodine
receptors is only loosely coupled to the gating of L-type Ca2+ channels
in smooth muscle cells. Opening of L-type Ca2+ channels is not
necessary to trigger Ca2+ sparks (Collier et al., 2000). Linear stretch
of urinary bladder smooth muscle cell

triggers Ca2+ sparks in the

absence of extracellular Ca2+ (Ji et al., 2002). In the present study,
Ca2+ sparks could be triggered by FN-beads in the absence of
extracellular Ca2+. Therefore, these Ca2+ sparks are most likely
mediated by mechanical/chemical signals conducting along the ECMintegrin-cytoskeleton axis, and is not dependent on L-type Ca2+
channel activity. The time delays in the occurrence of Ca2+ sparks
were probably overestimated because of the time gap between every
512 scan lines.

Ca2+ sparks might induce relaxation or contraction in VSMCs,
depending on which types of Ca2+-dependent channels are activated
on the plasma membrane. Ca2+ sparks stimulate Ca2+-activated K+
channels in cerebral VSMCs and lead to membrane hyperpolarization
and relaxation (Jaggar et al., 1998; Nelson et al., 1995). Ca2+ sparks
stimulate Ca2+-activated Cl- channels in pulmonary VSMCs and airway
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smooth muscle cells and lead to membrane depolarization and
contraction (Remillard et al., 2002; Zhang et al., 2003; ZhuGe et al.,
1998). Stretch induced Ca2+ sparks evokes Ca2+-activated Cl- currents
in mouse urinary bladder myocytes (Ji et al., 2002). There are both
Ca2+-activated Cl- and Ca2+-activated K+ channels

in renal VSMCs

(Carmines, 1995; Gebremedhin et al., 1996; Gordienko et al., 1994).
When intracellular Ca2+ was mobilized using endothelin-1 in renal
VSMCs,
current

membrane

depolarization

and

Ca2+-activated

Cl- inward

were observed (Gordienko et al., 1994). Blocking of Cl-

channels with DIDS inhibits contraction of afferent arterioles (Jensen
and Skott, 1996), while blocking Ca2+-activated K+ channels does not
exaggerate agonist induced constriction in afferent arterioles (Fallet et
al., 2001). Collectively these observations suggest that the activity of
Ca2+-activated Cl- channels is predominant over Ca2+-activated K+
channels in determining the contractile state of renal VSMCs. Future
studies are required to test whether Ca2+ sparks induce membrane
depolarization in renal VSMCs.
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CHAPTER FIVE
THE EFFECT OF INTEGRIN SPECIFIC ANTIBODIES ON FRESHLY
ISOLATED RENAL VSMCs
INTRODUCTION
Conventionally antibodies are used to specifically bind to
antigens

thus

inhibiting

agonist-antigen

binding

and

preventing

downstream signaling. An earlier work suggested that anti-α5antibody blocked the Ca2+ current triggered FN-coated beads in SMCs
from rat cremaster arterioles (Wu et al., 1998).

However, beads

coated with α5 antibody caused a marked increase in Ca2+ current
while anti- β3- antibody inhibited the increase. They postulated that
αvβ3 and α5β1 work differently to modulate Ca2+ currents in cremaster
VSMCs. Works by Martinez-Lemus and co-workers showed that antiα5- or anti-β1- antibodies inhibited myogenic constriction as seen by
the response to pressure increments in rat skeletal muscle arterioles
(Martinez-Lemus et al., 2005). Further, they showed that anti-β3antibody and RGD also inhibited myogenic constriction. Maybe RGD
peptides bound to integrins hinder mechanotransduction via ECMintegrin-CSK axis. On the contrary a study in endothelial cells showed
that αV integrin antibody induced an increase in [Ca2+]i unlike α5
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integrin antibody which did not elicit Ca2+ response, though all the
three integrins participated in the cells binding capability to FN
(Schwartz and Denninghoff, 1994). Furthermore, we showed that
mechanotransduction via integrins using FN-coated beads (ligating to
α5β1 integrins) trigger Ca2+ sparks (Chapter 4). All these data
motivated us to determine whether integrin antibodies to α5β1
integrins trigger Ca2+ sparks.

RESULTS
In our research we made the novel observation that both antiintegrin α5 and anti-integrin β1 antibodies induced recurrent Ca2+
sparks as observed in pulling with FN-beads. This observation
challenges the concept of using antibodies as blockers. In a sampling
period of 20 s immediately after the treatment of antibodies, Ca2+
sparks were detected in > 85% of cells being tested (figure 35). Preincubation with ryanodine inhibited the occurrence of Ca2+ sparks
induced by anti-integrin antibodies. Figures 33 and 34 show Ca2+
sparks triggered by integrin specific antibodies.

While in a similar sampling period, Ca2+ sparks were detected in
< 14% of cells treated with anti-integrin β2 antibodies. The β2 integrins
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are not expressed in VSMCs, therefore they were used as timed
control for laser illumination. Local Ca2+ release could be induced by
prolonged laser scanning. For the first time we characterized the
sparks triggered by integrin antibodies in renal VSMCs (figures 36 and
37). The spatial and temporal parameters of Ca2+ sparks triggered by
anti-integrin antibodies are tabulated in Table 2. The frequency and
the amplitude of the sparks triggered by α5 integrin antibody and the
amplitude of spark triggered by β1 antibody are significantly different
from those triggered by pulling with FN-coated beads.
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200 ms

Figure 33. Ca2+ sparks triggered by α5 integrin antibody

5 µm

The white arrows indicate Ca2+ sparks.
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200 ms

Figure 34. Ca2+ spark triggered by β1 integrin antibody

5 µm

The white arrows indicate Ca2+ sparks.
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Figure 35. Percentage of renal VSMCs in which Ca2+ sparks
were detected when exposed to different integrin antibodies
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Anti-integrin α5 antibody (n = 33), anti-integrin β1 antibody (n = 29),
anti-integrin β2 antibody (n = 50). Pre-incubation with ryanodine
abolished Ca2+ sparks induced by anti-integrin α5 antibody (n = 11),
anti-integrin β1 antibody (n = 13).
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Figure 36. Frequency distributions of the spatiotemporal
parameters of Ca2+ sparks
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Ca2+ sparks were triggered by (A,B) α5 integrin antibody (118 sparks,
23 cells) and (C,D) β1 integrin antibody (78 sparks, 17 cells). Numbers
of events are expressed as duration (FDHM, Full-Duration HalfMaximum) and spatial spread (FWHM, Full-Width Half-Maximum).
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Figure 37. Frequency distributions of the spatiotemporal
parameters of Ca2+ sparks triggered by β2 integrin antibody
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Data shown here represent 33 sparks from 4 cells. Numbers of events
are expressed as duration (FDHM, Full-Duration Half-Maximum) and
spatial spread (FWHM, Full-Width Half-Maximum).
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Table 2. Properties of Ca2+ sparks induced by treatment with
integrin specific antibodies

Spark

Spark

Frequency

Amplitude

(sparks/s)
Anti-integrin

FDHM

FWHM

(F/F0)

(ms)

(µm)

0.57 ± 0.08*

1.78 ± 0.06*

24.1 ± 1.1

0.9 ± 0.1

α5 Antibody

(n = 33)

(n = 118)

(n = 118)

(n = 118)

Anti-integrin

0.70 ± 0.08

1.77 ± 0.07*

25.1 ± 1.4

1.0 ± 0.1

β1 Antibody

(n = 29)

(n = 78)

(n = 78)

(n = 78)

F, peak fluorescence; F0, baseline fluorescence; FDHM, Full-Duration
Half-Maximum; FWHM, Full-Width Half-Maximum.

Spark amplitude

was measured at the peak of each Ca2+ spark. Asterisk (*) indicates
that the difference is significant when compared to the same
parameter of sparks induced FN-beads (p<0.03). All data were
collected with a Bio-Rad MCR-1000 confocal system unless specified.
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DISCUSSION
The common integrin binding motif, RGD, is found in many ECM
proteins including FN. FN is the natural ligand of for α5β1 integrin
heterodimer.

α5β1

integrin

regulates

L-type

voltage-gated

Ca2+

channels (Cav1.2) activity via phosphorylation of α1C C-terminal
residues Ser1901 and Tyr2122 (Gui et al., 2006). Currents through L-type
voltage-gated Ca2+ channels are acutely potentiated following α5β1
integrin activation by fibronectin and anti-α5β1 integrin antibodies in
VSMCs of rat cremaster skeletal arterioles (Gui et al., 2006; Wu et al.,
1998). It has been shown that Ca2+ sparks can be induced by
membrane depolarization in SMCs via current through L-type Ca2+
channel (Collier et al., 2000; Morimura et al., 2006).

Our studies demonstrate that the mere addition of α5 and β1
integrin specific antibodies triggered Ca2+ sparks which were inhibited
by ryanodine. The occupancy of α5 and β1 integrins with monoclonal
antibodies

have

been

shown

to

trigger

phosphorylation

and

accumulation of focal adhesion kinase (Miyamoto et al., 1995). This
iterates that ligation of integrins can cause clustering of the receptors
thus

triggering

downstream

response.

The

spatiotemporal

characteristics of the sparks observed in my study triggered by
integrin antibodies are comparable to those triggered by pulling with
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FN-coated beads. Not only is this a novel finding but this also puts
forth the idea that certain integrins on ligation can cause changes in
the conformational coupling which may lead to downstream Ca2+
response. This fits the notion that integrins are constantly changing
their linkages to the ECM with changes blood pressure thus providing
continuous

signaling

mechanism

to

alter

the

diameter

of

the

vasculature. These may in turn phosphorylate other proteins including
ion channels which can help in the refilling of Ca2+ stores. Monoclonal
antibody to α7 integrin stimulated IP3 hydrolysis to trigger Ca2+ release
from SR/ER which activates calreticulin to promote Ca2+ influx and
enhance integrin-mediated cell adhesion in rat skeletal myoblasts
(Kwon et al., 2000). Observations from my experiments also revealed
that anti- α5 and β1 integrin antibodies do, in fact, ligate integrins to
operate as functional agonists to trigger downstream Ca2+ response.
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CHAPTER SIX
THE ROLE OF MECHANOTRANSDUCTION VIA INTEGRINS ON
CYTOSKELETAL STIFFNESS
INTRODUCTION
Integrins help the ECM and CSK form a continuous network.
Mechanical alterations in the extracellular environment can modulate
the conformation of the cytoskeleton via integrins. Cells always exert
force through the cytoskeleton on the ECM and this force varies during
different cellular responses including migration and contraction. Cells
are known to have bidirectional signaling via integrins. Ligand
occupancy and clustering can trigger outside-in signaling via integrins
(Giancotti and Ruoslahti, 1999), while a change in the conformation of
the subunits on the cytoplasmic side can trigger activation of the
receptor through inside-out signaling (Lu et al., 2001; Takagi et al.,
2001). The mechanical stress from the ECM is transmitted to the cells
via focal adhesions. This is counter-balanced by the cell traction forces
generated by the cytoskeleton and exerted on the focal adhesions via
integrins. Past studies have showed that the stiffness of the ECM
structure can influence tumorogenicity of cells (Ingber et al., 1981).
Normal mammary epithelial cells converted themselves to a malignant
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phenotype when cultured on stiff ECM gels (Paszek et al., 2005). The
stiffer the gel the more it resisted the force exerted by the cell.
Increased stiffness may promote integrin clustering and activation of
Erk and Rho-mediated contraction. An increase in cellular tension
promotes a stiffer ECM thus feeding into a vicious positive feedback
cycle (Huang and Ingber, 2005). Now that we have established that
mechanical force can be transduced into the VSMCs via integrins, we
explored the possibility of cytoskeletal remodeling due to integrinmediated mechanotransduction. In order to test our hypothesis that
integrin mediated force triggers cytoskeletal remodeling we used two
approaches - 1) Traction Force Microscopy, and 2) Atomic Force
Microscopy.

The former technique allows us to measure the force

exerted by the whole cell on its substratum. While the AFM works at
the nanoscale looking at interactions within a very small area.

Traction force microscopy is a powerful technique to study the
interaction between cultured VSMCs/cells and their environment. A
unique feature in this technique is the deformable polyacrylamide
substrate. Collagen coating is applied to this substrate to provide the
VSMCs a more physiological environment. We study the force exerted
by the cells on the substrate using this technique. We calculate the
changes in the force exerted by the cells by tracking the displacement
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of the fluorescent microbeads which are impregnated in this substrate.
The deformable substrate is made by controlling the percentage of
polyacrylamide. This approach provides reproducible control of the
flexibility (stiffness) of the substrate. The transparency and the
thickness of the gel permit the observation of beads and cells through
both fluorescence and phase contrast microscopy. Besides, it is
relatively easy to characterize the mechanical properties of the
substrate as described in the methods section in Chapter 2 (g)
(Pelham and Wang, 1997).

The basic principle of this technique is quantifying the direction
and the magnitude of the interactive forces between the cell and its
substrate in order to correlate it with cytoskeletal and focal adhesion
dynamics. This technique has been used in previously to study the
migration of fibroblasts (Lo et al., 2004; Lo et al., 2000). Different
types of cells have been studied using this technique including
fibroblasts, epithelial cells, endothelial cells, macrophages, neutrophils,
neurons, smooth muscle cells, and cardiomyocytes.

Atomic force microscopy is another modern tool to measure
biological samples at a high resolution using a minimally invasive
approach. This technique, invented in the late 1900s by Binnig and co128

workers (Binnig et al., 1986), images the topography of the cells by
scanning with a tip mounted to a cantilever spring. A feedback loop is
used to maintain a constant force between the sample and the tip of
the probe. The AFM is a type of scanning probe microscope designed
to measure the physical and chemical properties of samples, including
but not limited to surface topography, height, friction and viscoelasticity. The AFM raster scans the probe over a small area of the
sample simultaneously measuring the local property. Two kinds of data
are obtained from this type of scanning – deflection and height. The
former, is obtained by plotting the deflection of the cantilever against
its position on the cell. The latter is acquired from the height of the
cantilever on the sample.

AFM can be used only on cells that form

good adhesion and are able to withstand the scanning movement of
the probe. Since freshly isolated renal VSMCs have a short time frame
for survival and can easily come off of the dish, we used cultured renal
VSMCs for these experiments. Sun and co-workers characterized the
interactions between fibronectin and α5β1 integrins in VSMCs from rat
cremaster (skeletal) muscle arterioles in terms of force curves. The
interactions between FN and α5β1- integrin on VSMCs was tested by
using coated cantilevers and beads either fused or covalently attached
to the AFM probe (Sun et al., 2005).
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AFM is also used to measure the mechanical properties of cells
with the help of a nano probe which can be used to scan or push down
on the cells. The spatial and temporal alterations in the mechanical
properties of cells are a consequence of the complex physiological
processes taking place below the cell surface. Studies have looked at
mechanical properties of the cells by poking the cells (Petersen et al.,
1982), twisting them with magnetic tweezers (Amblard et al., 1996;
Bausch et al., 1998) and using micropipettes to hold the cells by
aspiration (Evans and Yeung, 1989; Hochmuth and Evans, 1982; Sato
et al., 1987). In 1993 Kasas and co-workers (Kasas et al., 1993)
studied the elastic properties of lung cancer cells and paved the way
for single cell imaging with AFM. Another lab investigated the surface
morphology and mechanical properties of MDCK cells by AFM (Hoh and
Schoenenberger, 1994). This technique facilitates measuring single
molecular events such as single integrin molecule adhesion forces in
osteoclasts and osteoblasts (Lehenkari and Horton, 1999) while
simultaneously providing high-resolution structural imaging. Also due
to the quality of spatial resolution AFM can be used to measure the
adhesion of a single leukocyte to endothelial monolayer (Goligorsky et
al., 1993). When AFM is used on live cells it helps to monitor the
dynamic changes which manifest as variations in the mechanical
properties of the cells. This relatively new technique was used to
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explore the VSMCs and investigate the cytoskeletal changes that may
be associated with integrin mediated mechanotransduction. The
methodology is given in detail in Chapter 2 (h,i).

RESULTS
Traction force microscopy:
In order to calibrate the dragging force imposed by the
electromagnet on the paramagnetic beads, the beads were pulled in
dimethylpolysiloxane with a viscosity of 100 centistokes. The force
experienced by the paramagnetic microbeads was calculated using
Stokes’ Law (Force = 6πηRν) as shown previously (Alenghat et al.,
2000; Matthews et al., 2004). The magnetic force applied is directly
dependent on the distance between the tip of the magnet and the
microbead. As expected for the same amount of current (0.7 amp),
the velocity with which the beads move towards the magnet increases
as the distance decreases. Figure 38 shows the trajectory of the
magnetic beads as they move towards the electromagnet. Figure 39
shows the force distance relationship between the magnet and the
microbeads. Measurement was made from 34 beads at multiple
positions from the tip of the magnet. The distance from the tip of the
electromagnet to the bead was kept between 50 and 200 µm in our
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magnetic bead pull experiments. Figure 40 shows an image of the cell
grown

on

top

of

the

deformable

substrate

impregnated

with

fluorescent beads. The paramagnetic microbeads were added on top of
the gel after selecting the cell to run the experiment. This image is a
combined fluorescence image with the light microscopy image.
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Figure 38. Transmitted light image of beads moving through
dimethylpolysiloxane

Paramagnetic
microbead

Bead
trajectory
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Magnet

Figure 39. Force-distance relationship for the electromagnet
and the paramagnetic microbeads
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Figure 40. Image of a renal VSMC used in traction force
microscopy study

This figure depicts a fluorescence image of the polyacrylamide
substrate impregnated with microbeads combined with phase contrast
image of renal VSMC grown on the surface of the gel. Scale bar = 100
µm.
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From the force maps generated for VSMCs pulled with FN- or
LDL- coated beads we can study the amount and the distribution of the
forces exerted by these cells. Figures 41 A and 42 A show the
distribution of force on the substratum as exerted by a resting cell.
This force pattern is altered after the additions of the microbeads as
seen in figures 41 B and 42 B. When the beads are pulled the cell tries
to hold onto the substrate more firmly and as a consequence the force
patterns are realigned and increase in activity (figures 41 C and 42 C).
In figure 41 D, we can see that only the cells pulled with the FN- beads
have a lingering higher traction force even after the pull was stopped.
While in figure 42 D the post pull traction force goes back to the prepull amount.
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Figure 41. Force maps of a VSMC generated during magnetic
pulling of FN-coated beads

A

B

C

D

Force maps of (A) of (A) a renal VSMC, (B) after addition of FN-coated
magnetic beads, (C) during magnetic pulling, and (D) after termination
of pull.
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Figure 42. Force maps of a VSMC generated during magnetic
pulling of LDL-coated beads
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C

D

Force maps of (A) a renal VSMC, (B) after addition of LDL-coated
magnetic beads, (C) during magnetic pulling, and (D) after termination
of pull.
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The next figure (figure 43) shows the stress as calculated by
traction force microscopy, in terms of dynes/cm2. When this stress is
normalized for the pre-pull condition, we can see that magnetic pulling
increases the stress exerted by the cells. When the pull is stopped the
average force per unit area falls but it still remains higher than the
pre-pull baseline.
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Figure 43. Traction force per unit area of renal VSMC when
pulled using FN-coated paramagnetic beads
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After pull

LDL-coated

beads

were

used

as

control

for

non-integrin

mediated mechanical signal transduction. Stress experienced by the
cells increased when the LDL-coated beads pulled. But after stopping
the pull, the force decreased back to the pre-pull level unlike when
pulled using FN-coated beads. Although the value shown is zero, in
reality the cell exerts some amount of force on the substratum; it’s
just too low to be estimated by the current algorithm (figure 44).
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Figure 44. Traction force per unit area of renal VSMC when
pulled using LDL-coated paramagnetic beads
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After pull

Next, we tested the effect of integrin antibody on the traction
force. The predominant β integrin subunit is β1, so we applied antibody
to β1 integrin, in solution. Conventionally traction force microscopy is
used to measure the amount of force exerted by the cells on the
flexible substratum when the force experienced by the cell due to
external factors (magnetic pulling in our case) is varied. But when we
add antibody in the solution, we are trying to study the possible loss of
traction on the substratum due to the contraction of the VSMCs. The β1
integrin antibody was added at t=0 (figure 45 A). As seen from the
representative graph, the cells lost traction and started contracting
when the antibody was added. The β1 integrin predominantly dimerizes
with α1 through 6 and αV subunit. Figure 45 B shows that the ratio of
force along the long axis versus the short axis decreased which
indicates that the VSMC is less polarized and shows a tendency to
round-up.
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Figure 45. Traction force measurements in a VSMC treated with
β1 integrin antibody

Figure 45 (A) Normalized total force output
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Arrow indicates the time at which with β1 integrin antibody was added
to the chamber.
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Figure 45 (B). Ratio of the force exerted by a VSMC along the long and

Ratio of force along the long Vs short axis of the VSMC

short axis after treatment with β1 integrin antibody
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Arrow indicates the time at which with β1 integrin antibody was added
to the chamber.
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The

angular

distribution

of

traction

force

under

different

experimental conditions can be seen in figures 46 A, B and C. In most
cases the magnitude of the traction forces exhibited a sinusoidal
dependence on the angle, i.e. the peaks and valleys are separated by
90°. Experiments using FN-coated beads to transduce mechanical
force into the VSMCs showed consistent lining up of peaks and valleys.
The peaks represent the maximal force along the long axis while the
valleys denote the maximal force along the short axis of the cell.
Although the force itself varied during the magnetic pull experiments
the force along the long and short axes were aligned through the
different conditions. The clear demarcation of the crests and valleys
seem to be ablated on treatment with β1 integrin antibody. Also the
maximal force decreased after the addition of the antibody. Addition of
RGD peptide caused intermittent variations in the maximal force along
the various axes of the cells. The maximal force seems to oscillate
though every cell tested had its own pattern.
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Figure 46. Force patterns of VSMCs subjected to different
conditions

Figure 46 (A). Force pattern of a VSMC pulled with FN-coated beads
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The maximal force exerted by an untreated VSMC is represented by
the black line, force changes on addition of FN-coated beads (red),
during magnetic pulling (blue) and after the pull (yellow) are also
shown.
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Figure 46 (B). Force pattern of a VSMC treated with β1 integrin
antibody
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The time course distribution of the force pattern on treatment
with β1 integrin antibody with black line representing untreated VSMC
is shown here. The subsequent lines were taken at 1 minute intervals
for 6 minutes. The following readings were taken after 5 minutes each
and finally after 10 minutes.
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Figure 46 (C). Force pattern of a VSMC treated with RGD containing
peptide
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The time course distribution of the force pattern on treatment
with RGD containing peptide with black line representing untreated
VSMC is shown here. The subsequent lines were taken at 2 minute
intervals for 6 minutes. The following readings were taken after 10
minutes each.
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Besides these studies, we also used traction force microscopy to
characterize some of the features of the cultured renal VSMCs. The
cells grown on top of the flexible substratum exerted force on its
substratum and was applied to the deconvolution algorithm to
calculate the average traction force from the displacement of the
fluorescent beads (Dembo and Wang, 1999; Lo et al., 2004). Total
traction force exerted by the cells is the product of average traction
force (dynes/cm2) and the cell area; it was found to be 0.20 ± 0.04
dynes. The other parameters are tabulated in table 3.

Table 3. Morphological characterization of renal VSMCs using
traction force microscopy
Ratio of

Average

force along

traction

Total traction
Cell area
2

(cm )

force
long axis Vs
short axis

2.37E-05 ±

force
2

(dynes/cm )
8260.64 ±

2.51 ± 0.26
Renal VSMC

(Dynes)

1.61E-06

0.20 ± 0.04
1749.27

(n=50)
(n=39)

(n=39)
(n=39)
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AFM:
Prior

studies

done

on

coronary

venular

endothelial

cells

employed AFM to monitor morphological changes on histamine
treatment. The cytoskeleton had visible rearrangement and force
curves showed changes in adhesion forces on the surface (Trache et
al., 2005). In order to exemplify the surface topology of renal VSMCs
cells for the first time, we scanned them in contact mode in the
presence HBSS. Monolayer of cultured VSMCs was resilient to scanning
with AFM probes. On scanning we observed that the cells were flat and
spread out with a prominent central nucleus. The cytoskeleton beneath
the cell membrane was seen as long fibers mostly parallel to the cell
boundary figures 47 A, B and C. From these experiments we found the
average height of the VSMCs to be 2230.37 ± 96.7 nm. We also
estimated the surface roughness to be 44.52 ± 2.3 nm (table 4).
Studies measuring Ca2+ have shown an increase in [Ca2+]i when 1M
RGD containing peptide was added to the cultured VSMCs (Chan et al.,
2001). Moreover, in Chapter 3, we have shown using ECIS that
ligation of integrins using GRGDSP peptide causes the cultured cells to
contract. This motivated us to examine the effects of RGD peptide on
the topography of the cell. Addition of 1M RGD in solution significantly
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increased the height of the cells. It also significantly increased the
surface roughness of the cultured VSMCs.

RGE containing peptide served as the control. The height and
roughness of the cells were not different with or without the presence
of 1M RGE peptide. Although there was no significant difference in the
height of the cell when treated with either peptide, the surface
roughness was significantly higher when treated with RGD than with
RGE peptide (table 4).
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Figure 47. Images of VSMCs acquired using the AFM
(A) Height data, (B) Deflection data in the presence of Hanks BSS.
(A)

20 µm

(B)

20 µm
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Figure 47 (C). 3-dimensional image of the cell in the presence of
Hanks BSS
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As a next step we studied the force curves generated on RGD
treatment. The vertical position of the tip and the deflection of the
cantilever are recorded and converted to force-versus-distance curves,
known as ‘force curves’. Force curves typically show the deflection of
the cantilever as the probe is brought vertically towards and then
away from the sample surface using the vertical motion of the
scanner. Originally force curves were used to analyze the mechanical
properties of solid surfaces in terms of nanometers scale. While using
live cells, the probe pushes down on the cell, which exerts some
resistive force that is dependant on how fluid the cell is. The fluidity of
the cells is in turn dependent on the intracellular milieu which follows
the shape and rigidity of the cytoskeleton beneath this membrane. The
maximum deflection is a measure of the position on the graph where
the approach and the retract curves are separated maximally. This
gives us an idea of how elastic or rigid the cells are. This is tabulated
in table 4.

Studies have showed that deformability of the endothelial cells
increased after contact with monocytes which played a role in early
stage of atherosclerosis (Kataoka et al., 2002). While treatment of
E.coli with an antimicrobial peptide led to the loss of cell stiffness and
caused cells to rupture (da Silva and Teschke, 2003). Experiments
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have also been shown the changes in cell stiffness due to aging in rat
cardiomyocytes (Lieber et al., 2004; Shroff et al., 1995). Another
study has also shown an increase in cell stiffness when contractility is
increased in fibroblasts (Nagayama et al., 2004).

Furthermore, from the previous chapters we know that integrin
ligation triggers downstream signaling which can lead to contraction in
VSMCs. Ligation of integrins recruits kinases which are linked to
integrins

via

cytoskeleton.

We’ve

also

shown

that

an

intact

cytoskeleton is essential to propagate integrin mediated responses.
Thus with the help of force curves we studied the possible effect of
integrin binding peptide on the cytoskeleton. From such force curves,
we found that the cell is softer near the nucleus and stiffer towards the
periphery which agrees with studies on atrial myocytes (Shroff et al.,
1995). The maximum deflection is the point at which the approach and
retract

curves

are

separated

maximally.

Although

there

is

no

significant difference between the cells treated with Hanks and RGD or
RGE peptide, the cells tended to swell up and contract more when
treated with RGD. Figure 48 shows a typical force curve generated
from one such experiment.
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Figure 48. Force curves of VSMCs was treated under different
experimental conditions
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Force curves generated from VSMC that was treated with A) RGD, B)
RGE, C) and D) Hanks BSS.
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Table 4. Morphological characterization of renal VSMCs using
AFM
Hanks BSS

RGD (1 M)

RGE (1 M)

Cell Height

2230.37 ± 96.7

2527.73 ±

2449.46 ± 749.4

(nm)

(n = 47)

120.2* (n=22)

(n=4)

Roughness

44.52 ± 2.3

74.23 ± 5.3*

40.64 ± 11.7**

(nm)

(n=49)

(n=21)

(n=4)

0.31 ± 0.1

0.33 ± 0.1

Maximum
--

deflection
(n=17)

(n=17)

(microns)
Maximum
0.22 ± 0.03
deflection

0.35 ± 0.1
--

(n=10)

(n=10)

(microns)

Single asterisk (*) indicates the difference is significant when the same
parameter is compared to that in the presence of HBSS (p<0.03).
Double asterisk (**) indicates the difference is significant when the
same parameter is compared to that in the presence of RGD (p<0.03).
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DISCUSSION
From our studies using traction force microscopy we could
characterize the amount of force exerted by VSMCs and how this force
was modulated in integrin mediated mechanical signal transduction.
From the force maps we see that the VSMCs exert unequal amount of
force on the substratum. This force is redistributed on addition of the
microbeads. The cells are trying to compensate for the binding of the
microbeads on the cell surface. There was a large increase in traction
force as soon as the pull was initiated. This implies that the external
force is transduced into the cells. Thus, confirming that the magnetic
bead pull study was an effective method to transduce mechanical force
into the cells. α5β1 integrin is the natural ligand of fibronectin. An
intriguing finding is that even on arresting the pull the traction force
continues to remain higher than in the pre-pull condition. This post pull
feature is not seen when LDL-coated beads were used. This may
signify some cytoskeletal rearrangement due to the integrin mediated
mechanotransduction. The persistence of higher force even after the
pull is stopped only when FN-coated beads denotes some type of
memory in signaling when the force is transduced via integrins.

β1 integrin antibody added in solution to the cells caused the
cells to progressively lose the traction on its substrate. One can easily
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speculate that at the beginning this antibody forms new linkages with
integrin on the surface of the cell. This in turn can trigger downstream
signaling which can cause the cells to contract. In the process of
contraction the cells lose their focal adhesion points and these
integrins can later be ligated with the antibody in the bath. Since the
antibody is in solution, the number of integrin binding sites is much
greater than when ligand coated beads are used. Besides, antibody
can bind to more than one integrin subunit thus amplifying the cellular
response and resulting in potent contraction.

Ratio of the force along the long axis of the cell versus along the
shorter axis is a means to determine the directional distribution of the
majority of forces exerted by the cells and the cell polarization.
Addition of β1 integrin antibody decreases the traction force exerted
by the cells almost immediately. This implies that the cell contracts
almost instantaneously on ligating with the soluble antibody. But by
the end of 30 minutes the VSMCs revive slightly to increase the
amount of force asserted. But this is still noticeably smaller than the
force experienced at resting conditions.

Studying the angular distribution of force under different
experimental conditions helps us understand the force pattern in the
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cells. Lo and coworkers showed that intact fibroblasts the pattern
remained sinusoidal and this was disrupted in myosin mutant cell
types (Lo et al., 2004). It is interesting to note that in the experiments
using FN-coated beads the peaks for each cell aligned under different
conditions namely, cell under resting condition, after the addition of
microbeads, during pull, after pull. This implies that the angle at which
the cells are aligned with the electromagnet or the position of the
beads on the cells do not alter the force experienced by the whole cell.
In short, the cells respond globally to local stimuli. This supports
Ingber’s Tensegrity model (Ingber, 2003a; Ingber, 2003b) which
explains that the whole cell is interconnected by its cytoskeleton and
force experienced in one part of the cell can be effectively transduced
to inflict a global response.

Treatment with β1 integrin antibody resulted in alleviation of the
force indicating reduction in polarization. The lesser the polarization of
the cells the more are they contracted. Addition of soluble ligand,
RGD, caused fluctuation of the maximal force exhibited by the VSMCs.
An earlier study (Chan et al., 2001) showed that RGD peptide triggers
Ca2+

oscillations

in

cultured

VSMCs.

Ca2+

being

an

essential

intracellular ion drives many processes within the cells including
contraction as they are an integral part of cross bridge cycling event.
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External forces are often transmitted to the intracellular cytoskeletal
network which in turn determines the properties of the membrane and
also regulates calcium influx (Ghosh and Greenberg, 1995; Sachs,
1988). Thus one can speculate that the Ca2+ oscillations are reflected
as fluctuations in the traction force. More studies to simultaneously
determine the changes in [Ca2+]i and traction force will shed light on
this issue.

We also calibrated the magnitude of the force experienced by
the individual paramagnetic beads by dragging the beads in a viscous
liquid

as

described

in

other

studies

(Alenghat

et

al.,

2004;

Lammerding et al., 2003; Matthews et al., 2004). This helps us
determine the optimal distance to place the electromagnet in the
studies involving the magnetic bead pull. It also gives us an idea about
the quantity of the magnetic force experienced by the individual
microbeads.

AFM has been used to study the various aspects of cells including
shear stress (Ohashi et al., 2002; Sato et al., 2000), cell spreading
(Bhadriraju and Hansen, 2002) and differentiation (Collinsworth et al.,
2002). From the AFM studies we characterized the cultured VSMCs and
further analyzed the effects of integrin binding peptides. The height of
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the cells increased significantly when RGD containing peptide was
added. Ligation of integrins has been shown to trigger an increase in
[Ca2+]i in cultured VSMCs. Increase in [Ca2+]i can trigger various
downstream signals including contraction in smooth muscle cells. It
can signify the changes in cytoskeleton which caused ‘balling’ up of the
cells which are otherwise very flat. There is not much change in the
cell height between treatment with RGD or RGE. This needs to be
looked at with caution as the sample size was low and the standard
error was high for RGE treated cells. Another point to be considered is
that cell height is measured as a single highest point on the cell and
not as an average of a selected area which can overlook subtle
changes in cell height.

Surface roughness was originally used on metal or other solid
surfaces where the variability of the measurement was minimal.
Studies

using

RBCs

(Girasole

et

al.,

2007)

and

osteoblasts

quantitatively measured surface roughness of its plasma membrane
with the help of AFM. On cells the heterogeneity of the surface
membrane is a major contributor for the wider error margins. Our
experiments revealed a significant increase when the VSMCs were
treated with RGD peptide when compared to HBSS and RGE peptide
treatments. This implies that ligation of integrins can cause ruffling or
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convolutions in the membrane surface. Integrin ligation is known to
cause recruitment of kinases especially through integrin-linked kinase.
Kinases are involved in many downstream effects directly or indirectly
including trafficking of proteins. So such increase in roughness can
perhaps be due to insertion of membrane proteins, formation of
caveoli or even due to recycling of transmembrane proteins. Although
there was a significant difference between RGD and RGE treatments,
one cannot neglect the fact that the control sample size was small with
a large standard error.

The potential of the AFM for stable imaging and acquisition of
force curves on living cells for extended time periods facilitates the
study of dynamic processes due to external stimuli like the effect of
integrin binding peptide on the cytoskeleton. Modulation of the
cytoskeletal stiffness is reflected in terms of how elastic the cells can
be. Cellular elasticity measured using this technique showed that a
compromised actin cytoskeleton leads to a less elastic cell membrane
in HIV infected transgenic glomerular podocytes (Tandon et al., 2007).
AFM was used to show that the rigidity of cytoskeletal increased after
transduction of external force into the fibroblasts with magnetic beads
(Glogauer

et

al.,

1997).

They

also

showed

that

such

pulling

experiments triggered an increase in [Ca2+]i (Glogauer et al., 1995). In
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our study there are no significant differences in the maximum
deflection between the different treatment groups. The force curves
themselves are generated by coming down on the cell at a point and
then retracting back. They are extremely sensitive and dependant to
the level of nanometers on the exact point at which the probe makes
the contact on the cell surface. The force curves will be flatter and
sharper with lesser deflection between the two curves if the probe hits
a cytoskeletal filament as opposed to landing between two filaments
where the cytoplasm is more compliant. At this time, we do not have
enough evidence through AFM to conclude whether or not integrin
mediated mechanotransduction modulated the cytoskeleton. More
potent integrin ligation can be achieved using integrin specific
antibodies. Perhaps using a mélange of such antibodies may show a
greater degree of observable changes. FIEL (force integration to equal
limits) mapping is another improvised method to measure relative
elasticity. Hassan and co-workers (E et al., 1998) used FIEL to map
relative elasticity in MDCK cells. This method is more robust and does
not depend on the tip-sample contact.
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CHAPTER SEVEN
INTEGRIN MEDIATED MYOGENIC RESPONSE IN INTACT
AFFERENT ARTERIOLES
INTRODUCTION
A study by Platts and collegues showed that vasodilation, in
vasculature from the cremaster muscle, seen on RGD ligation is linked
to K+ channels at least in part. This would result in hyperpolarization
and prevent elevation of [Ca2+]i (Platts et al., 1998). While another
study showed that addition of exogenous RGD peptide triggered Ca2+
dependent vasoconstriction in rat afferent arterioles (Yip and Marsh,
1997). In cremaster muscle arterioles increase in intraluminal pressure
results in depolarization which leads to Ca2+ entry. This is a significant
contributor to myogenic tone (Kotecha and Hill, 2005). Changes in
pressure can expose cryptic RGD binding sites on vasculature. Then
the exogenous integrin binding peptides that bind to these cryptic sites
trigger pathways to modulate myogenic response.

As seen from the previous chapters we have shown that
integrins can transduce mechanical force into the VSMCs and ligation
of integrins elicits Ca2+ sparks and VSMC contraction. So the next
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logical step would be to determine whether ligation of integrins
modulates the myogenic response in intact vasculature. For this
experiment we used isolated afferent arterioles from rats and
cannulated it (Chapter 2e).

RESULTS
To

test

whether

integrins

might

contribute

to

mechanotransduction in intact renal VSMCs, we examined the effects
of integrin-binding peptide on pressure induced myogenic constriction.
Pressure induced myogenic constriction was observed in perfused
afferent arterioles as reported previously (Yip and Marsh, 1996). An
increase in perfusion pressure from 80 mm Hg to 120 mmHg elicited
an immediate dilatation, followed by myogenic constriction. The mean
normalized inner diameter versus time is shown in figure 49 A. Preincubation of afferent arterioles with synthetic integrin-binding peptide
GRGDSP (1 mM) for 20 min did not reduce the luminal diameter
significantly. The mean luminal diameter before and after 25 min of
GRGDSP incubation were 21.9 ± 1.8 μm and 22.1 ± 1.8 μm (n=10)
respectively.

It

was

consistent

with

the

previous

report

that

vasoconstriction induced by GRGDSP lasts only about 45 s (Yip and
Marsh, 1997). However, an increase in perfusion pressure from 80
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mmHg to 120 mmHg induced only dilatation in the presence of
GRGDSP. No myogenic constriction was detected (figure 49 B).

Pre-incubating

afferent

arterioles

with

the

control

peptide

GRGESP (Gly-Arg-Gly-Glu-Ser-Pro, 1mM), which does not have the
RGD binding sequence to interact with integrins, had no effect on
pressure

induced

myogenic

constriction

(figure

49

C).

These

observations indicated that integrins function as mechanotransducers
not only in freshly isolated VSMCs but also in intact renal VSMCs. Preincubating afferent arterioles with 50 μM of ryanodine for 20 min
dilated the afferent arterioles slightly. The mean luminal diameter
before and after ryanodine incubation were 21.2 ± 1.6 μm and 22.7 ±
2.1 μm (n=8, p<0.05, paired t-test) respectively. Pre-incubating
afferent arterioles with ryanodine inhibited pressure induced myogenic
constriction (figure 49 D), suggesting that pressure induced myogenic
constriction is a ryanodine sensitive process.
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Figure 49. Time course of changes in lumen diameter of renal
afferent arterioles
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Figure 49.
Mean normalized time course of changes in lumen diameter of afferent
arterioles when pressure was increased from 80 mmHg to 120 mmHg.
Pre-incubation of (A) buffer only, (B) 1 mM integrin binding peptide
GRGDSP, and (C) 1 mM non-integrin binding peptide GRGESP, and (D)
50 µM ryanodine. The mean pre-pressurized diameters are 21.9 ± 1.8
μm (n=10), 22.1 ± 1.8 μm (n=10), 22.2 ± 3.1 μm (n=5) , and 22.7 ±
2.1 μm (n=8) respectively. Perfusion pressure was stepped up at
time=0. Dotted lines are means ± SE. * indicates that the diameter is
significant from the pre-pressurized baseline (p<0.05).
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DISCUSSION
Myogenic constriction in the renal artery is associated with
membrane depolarization and is attenuated by L-type Ca2+ channel
blockers (Harder et al., 1987). Membrane depolarization was shown to
trigger Ca2+ sparks in SMCs via current through L-type Ca2+ channel
(Collier et al., 2000; Morimura et al., 2006). α5β1 integrin is known to
regulate the activity of L-type voltage-gated Ca2+ channels (Cav1.2)
activity by phosphorylating serine and tyrosine residues of α1C (Gui et
al., 2006). Currents through L-type voltage-gated Ca2+ channels are
acutely potentiated following α5β1 integrin activation by

fibronectin

and anti-α5β1 integrin antibodies (both soluble and coated on beads) in
VSMCs of cremaster skeletal arteriole (Gui et al., 2006; Wu et al.,
1998).

By imposing step change in arterial pressure and monitoring the
dynamics of whole kidney blood flow of rats, myogenic response is
shown to be completed in the first 7-9 s, and reaches the maximum
speed at 2.2 s (Just and Arendshorst, 2003). The occurrence of Ca2+
sparks (0.5-3 s delay as obtained from FN-bead pull experiments)
seems to fit well with the finding that Ca2+ sparks precede the
myogenic constriction. The time delays of Ca2+ sparks occurrence were
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probably overestimated because of the time gap between every 512
scan lines.

As discussed before Ca2+ sparks might induce relaxation or
contraction in VSMCs, depending on which types of Ca2+-dependent
channels are activated on the plasma membrane. Depolarization
induced by Ca2+ sparks might trigger myogenic constriction via Ca2+
influx through L-type Ca channels (Harder et al., 1987). Our
observations that ryanodine inhibited pressure induced myogenic
constriction are consistent with this hypothesis. It is also in line with a
recent report by Loutzenhiser et al. (Loutzenhiser et al., 2006) that
the initial fast constriction in the myogenic response in afferent
arteriole is ryanodine sensitive. Ryanodine only dilated afferent
arteriole moderately in the present study, which is consistent with the
low occurrence rate of spontaneous Ca2+ sparks in renal VSMCs.
Future studies are required to test whether Ca2+ sparks induce
membrane depolarization in renal VSMCs.

Pre-incubation of synthetic integrin binding peptides GRGDSP
inhibited pressure induced myogenic constriction in afferent arterioles,
but the non-integrin binding peptide GRGESP had no inhibitory effect.
The

same

peptide

GRGDSP

also
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inhibits

pressure

induced

vasoconstriction in cremaster muscle resistance arterioles (MartinezLemus et al., 2005).These observations implicate that functional
interactions between integrins and ECM are required in the signaling
processes of myogenic response.

Dilatation due to increase of transmural pressure and the
subsequent

myogenic

constriction

are

probably

associated

with

differential engagement between ECM and integrins in VSMCs. One
possible interpretation is that the signal transduction process of
myogenic response requires formation of new connections between
ECM and integrins. The presence of integrin binding peptide interferes
with the formation of such new connections, and thus inhibits the
myogenic

response.

Evidences

derived

from

integrin

mediated

mechanotransduction in vascular endothelial cells and NIH3T3 cells are
in line with this interpretation. The mechanotransduction in vascular
endothelial cells and NIH3T3 cells both require dynamic interactions
and formation of new connections between specific ECM and integrins
(Jalali et al., 2001; Katsumi et al., 2005). Blocking of ECM/integrin
interactions with synthetic integrin binding peptide inhibited pressure
induced myogenic constriction in renal arterioles, suggesting that
integrins might function as mechanotransducers in situ.
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CHAPTER EIGHT
SUMMARY AND CONCLUSIONS
The main purpose of my study was to show that integrins can
transduce mechanical force in to renal VSMCs. Integrins bridging the
cytoskeleton to the ECM transduce mechanical force and trigger Ca2+
sparks in renal VSMCs. They are strategically located to integrate
mechanical signals from the extracellular environment to result in
structural modulations in the intracellular milieu. RGD is a common
integrin binding motif found in many extracellular proteins. To
illustrate that integrins can transduce mechanical force in to the
VSMCs we custom manufactured a miniaturized electromagnet to pull
paramagnetic beads coated with an integrin binding ligand, FN.
Previous studies showed that soluble RGD peptide can trigger an
increase in [Ca2+]i (Chan et al., 2001). I showed that RGD peptide can
trigger contraction even in cultured VSMCs.

I

also

demonstrated

that

intact

CSK

is

essential

for

mechanotransduction via integrins. Based on the tensegrity model
(Ingber, 2003a; Ingber, 2003b) we can thus predict that the integrins
form a continuous mesh of linkages with the CSK which helps to
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disperse the external force throughout the cell. Furthermore, my
experiments illustrated that ligation with integrin specific antibodies
(α5β1) triggered Ca2+ sparks which simulated the response to FN- bead
pull experiments.

The potential for VSMCs to remodel their cytoskeleton can be
inferred from traction force microscopy studies in which mechanical
force was transduced via integrins in cultured VSMCs. Atomic force
microscopy studies revealed the increase in surface roughness and
height of the cultured VSMCs when treated with RGD-containing
peptide. Active changes are thus observed as a result of ligation of
integrins. RGD peptide was also shown to inhibit pressure-induced
myogenic constriction in intact vasculature from rat afferent arteriole.

In summarizing my data we can conclude the following observations:
a) RGD- containing peptide triggers contraction in cultured VSMCs
which can be measured using ECIS.
b)

Integrins transduce mechanical force into VSMCs isolated
from renal arterioles.

c)

Such transduction triggers Ca2+ sparks which often leads to
global Ca2+ increase.
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d) Integrin

mediated

mechanotransduction

requires

intact

cytoskeleton.
e) Ligation of integrins with anti- α5 or β1 integrin antibodies
simulate mechanotransduction by pulling FN-coated beads in
mobilizing intracellular Ca2+.
f) Ligation of integrins using antibodies trigger Ca2+ sparks which
are inhibitable by ryanodine.
g) Only

the

cytoskeletal

integrin

mediated

remodeling

as

mechanotransduction
measured

by

triggers

traction

force

microscopy. Non-integrin mediated mechanotransduction has no
effect.
h) The height of the VSMCs and their surface roughness were
elevated after treatment with integrin binging ligand when
monitored by AFM.
i) Pre-incubating perfused afferent arterioles with ryanodine or
integrin binding peptide inhibited the pressure-induced myogenic
constriction.

Integrins have to be duly respected as they may be the first in
line in the myogenic response pathway. Remodeling of integrins and
their connections to the ECM occurs in both health and disease. Thus
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integrins are perhaps the stepping stones to elucidate a more
complicated mechanism.

177

CHAPTER NINE
PERSPECTIVES
The next line of research should follow continuing and correlating
the

findings

on

mechanotransduction

with

real

time

myogenic

response events in the intact vasculature. The newer generation
confocal systems with longer collection duration enable continuous
periods of vascular response to be monitored without intermittent data
loss. Combining this technology with the technique of cannulated
arterioles can provide a invaluable tool for studying myogenic response
in intact system.

The question still lingers about how the detected mechanical
force is finally converted to changes in membrane polarization.
Electrophysiological

experiments

to

detect

the

changes

in

the

membrane potential and to ascertain which ion(s) play a major role in
myogenic response will give us more insight in to this phenomenon.

The traction force microscopy is a robust technique to study the
prospective variations of force exerted by the VSMCs depending on
ligation to integrins. Data from these experiments can be used to
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predict the outcome in intact vasculature. Further, the use of atomic
force microscopy on cultured VSMCs has a long way to go with regard
to

maximizing

the

potential

of

the

technology

itself.

Perhaps

investigations to the scale of single ion channels and their difference in
conformation

based

on

integrin

electrophysiological data.
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ligation

can

support

the
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APPENDIX A
Abbreviations Used

AFM – atomic force microscopy
BKCa or KCa channels – large-conductance Ca2+-activated K+ channels
BSA – bovine serum albumin
[Ca2+]i – intracellular Ca2+ concentration
CICR – Ca2+ induced Ca2+ release
ClCa channels – Ca2+ activated chloride channels
CSK – cytoskeleton
DAG – diacyl glycerol
ECIS – electric cell-substrate impedance sensing
ECM – extracellular matrix
ER – endoplasmic reticulum
F – Ca2+ fluorescence signal of a confocal image with or after Ca2+
sparks
F0 – baseline of fluorescence in a region of the image without Ca2+
sparks
FAK – focal adhesion kinase
FDHM – full-duration at half the maximum intensity of Ca2+ spark
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FN – fibronectin
FWHM – full-width at half the maximum intensity of Ca2+ spark
HBSS – Hanks Balanced Saline Solution
IDL – Interactive Data Language software
ILK – integrin linked kinase
IP3 – inositol 1,4,5 – trisphosphate
IP3R – inositol 1,4,5 – trisphosphate receptor
Kv channels – voltage-dependent K+ channels
LDL – low density lipoprotein
MLCK – myosin light chain kinase
PIP2 – phosphatidylinositol 4,5-bisphosphate
PKC – protein kinase C
PLC – phospholipase C
Ra – arithmetic average of the absolute values of the surface height
deviations measured from the mean plane using AFM
RGD – Argine-Glycine-Aspartate (Arg-Gly-Asp) tripeptide
RGE – Argine-Glycine-Glutamate (Arg-Gly-Glu) tripeptide
RyR – Ryanodine receptor
SERCA – sarcoplasmic/endoplasmic reticular calcium ATPase
SMC(s) – smooth muscle cell(s)
SOCs – store operated channels
SR – sarcoplasmic reticulum
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STICs – spontaneous transient inward currents
STOCs – spontaneous transient outward currents
Sulfo-SANPAH – Sulfosuccinimidyl-6-(4’-azido-2’-nitrophenylamino)
hexanoate
VGCC – voltage-gated Ca2+ channels
VSM – vascular smooth muscle
VSMC(s) – vascular smooth muscle cell(s)
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APPENDIX B
Source code for IDL program used to analyze Ca2+ sparks

n=1 ; number of sparks visually detected
tscan=2. ;ms
nscan=2048 ; number of line scanned
pixel=0.0757 ; µm
filename='fn2048'
infile1=filename+'.tif'; input file name
sfactor=5; smoothing factor (1,3,5...) for smoothing the image
bg=0; background dark current

max1=fltarr(100)
xmax=fltarr(100)
ymax=fltarr(100)
FTHM=fltarr(100)
FWHM=fltarr(100)
loadct,3
window,0,xs=512,ys=512
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file1=read_tiff(infile1)
a1=float(file1)
a1=smooth(a1-bg,sfactor,edge=1)
b1=rebin(a1(*,*),512,512)
wset,0 & tvscl,b1(*,*)

; pick regions that are used as background (no spark)
print, 'click to define the left margin'
cursor, x1,y1,3,/device
print, 'click to define the right margin'
cursor, x2,y2,3,/device
print, x1,y1
print, x2,y2
an1=a1/rebin(rebin(b1(*,y2:y1),512,1),512,nscan)
an1(*,0)=0.5 & an1(*,nscan-1)=2.0
window, 1, xs=nscan, ys=512
wset,1 & tvscl,rotate(an1(*,0:nscan-1),3)

; set output data file format
close,2
openw,2,filename+'.da1'
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printf, 2, FORMAT='("

spark no",4x,"frame-no",7x,"x-pos",7x,"y-

pos",2x,"event time",2x,"baseline-F",7x,"max-F",4x,"changeF",8x,"FDHM",8x,"FWHM")'
close, 2

; estimation of the peak, XY positions, duration of half maximum, fullwidth-half maximum.
nss=nscan/256
spark=1
ss=1
sss=1
for ss=1, nss do begin
print, ss
window, 3, xs=512, ys=256
wset, 3 ;set image window
anss=an1(*,(((ss-1)*256)+0):(((ss-1)*256)+255))
tvscl, anss
while sss eq 1 do begin
wset, 3 ;set image window
print, 'click at the space right before the spark and right
to finish'
cursor,ix,iy,3,/dev
211

click

if !err eq 4 then goto, jump2
if (!err eq 1) or (!err eq 2) then begin
repeat cursor,ix,iy,0,/dev until !err eq 0
endif

print,'click to define the left and top margin'
cursor,xx1,yy1,3,/device
print,'click to define the right and bottom margin'
cursor,xx2,yy2,3,/device
print, ix, iy, xx1, yy1, xx2, yy2

max1=max(anss(xx1:xx2,yy2:yy1))& max1=max1(0)
tmax=where(anss eq max(anss(xx1:xx2,yy2:yy1)))
xmax=tmax mod 512 & ymax=tmax/512 & xmax=xmax(0) &
ymax=ymax(0)
tv,[255,255,255,255,255,255,255],xmax-3,ymax
print, max1, xmax, ymax

iy_a=iy-20 & if iy_a le 0 then iy_a=0

baseline=anss(xmax-3:xmax+3,iy_a:iy)
mean_base=MOMENT(baseline)& mean_base=mean_base(0)
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print, mean_base
FTHMA=where(anss(xmax,yy2:yy1) ge (max1mean_base)/2+mean_base)& sz1=size(FTHMA)
FTHM=(sz1(1)+1)*tscan
FWHMB=where(anss(xx1:xx2,ymax) ge (max1mean_base)/2+mean_base)& sz2=size(FWHMB)
FWHM=(sz2(1)+1)*pixel

xmax_a=xmax-50 & if xmax-50 le 0 then xmax_a=0
xmax_b=xmax+50 & if xmax+50 ge 511 then ymax_b=511
ymax_a=ymax-50 & if ymax-50 le 0 then ymax_a=0
ymax_b=ymax+50 & if ymax+50 ge 255 then ymax_b=255

window, 4, xs=512, ys=512
wset, 4 & plot, anss(xmax,ymax_a:ymax_b)
close,2
openw,2,filename+'.das',append=1
print, FORMAT='(10f12.4)',spark, ss, xmax, ymax, ((((ss1)*256)+ymax)*tscan)/1000., mean_base, max1, max1-mean_base,
FTHM, FWHM
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printf, 2, FORMAT='(10f12.4)',spark, ss, xmax, ymax,
((((ss-1)*256)+ymax)*tscan)/1000., mean_base, max1, max1mean_base, FTHM, FWHM
close,2
spark=spark+1
endwhile
ss=ss+1
jump2:
endfor
end
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